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I ntroduction

Common wheatTriticum aestivuni.) hasevolved through allohexaploidization between
cultivated tetraploid or emmer whedt dicoccumwith A and B genomes and wikke.
squarrosawith D genome (Kihara, 1944; McFadden and Se&44)JL A and B genomes of
cultivated emmer wheat have presumably been defreed A genome ofl. urartu (Chapmaret
al., 1976; Dvoralet al, 1993; Takumet al, 1993) and S genome Aé. speltoide¢Sarkar and
Stebbins, 1956; Sasanumtaal.,, 1996), respectively, after domestication of valdmer wheatT.
dicoccoided The well-investigated phylogenetic relationshgmong a series dfiticum and
Aegilopsspecies should facilitate our understanding oftheat genome divergence and
evolution. An important feature associated wilb@blyploidization is the dramatic structural
alterations in the constituent genomes (Sasaketrag, 1993; Belyaye'et al, 2000). Several
studies showed that low-copy DNA sequences weldlsaand specifically eliminated at the
early phases dllopolyploidization (Liuet al, 1998a; 1998b; Ozkaet al, 2001).
Allopolyploidization also affects gene expressioa genetic and epigenetic changes (Kashkush
et al, 2002; 2003). Recent comparative studies ofiphlsontigs covering orthologous loci
have revealed a large number of transposon armposon insertions in contiguous intergenic
regions (Wickeeet al,, 2001; Sanmiguedt al, 2002), and a significant part of the increase in
wheat genome size has been attributed to thesdemabments (Wickeet al, 2003a). These
studies indicated that the magnitude of structomadlifications in intergenic regions became
large enough to significantly reduce homology amtbvegn during the wheat genome evolution.
On the other hand, information on the structuranges in intragenic regions is limited,
particularly in genes containing large intron®uplications and deletions of large segments in

orthologous loci encoding low molecular weight ghihs increased their differentiation (Wicker



et al, 2003b). A comparative study of nucleotide seges of exon/intron regions among three
homoeologousVaxygenes of common wheat also revealed intrageniierdiftiation, but their
introns are all short with only 69- to 140-bp indgh (Muraiet al, 1999). Long introns such as
the second intron dkrabidopsis AGAMOUS§ene sometimes possess regulatory elements to
control the functional MRNA levels (Deyholos anel&irth, 2000). Therefore, a comparative
analysis of intragenic nucleotide diversity in gemath long introns is important for studying
genome differentiation and evolution.

Homeobox genes encode transcription factors, wbley important roles in developmental
processes in both animals and plants. A miazgted1(knl) gene is the first homeobox gene
identified in plants and cloned by a transposogitegystrategy (Vollbrechét al, 1991). The
knl-type homeoboxKNOX) genes isolated later from many other plant sggeaie classified into
two subgroups. The clas&KNOXgenes include maidenl andrough sheathlSchneebergest
al., 1995), riceOSH1(Matsuokeetal., 1993) andDSH15(Satoet al, 1998), barleyHvKnox3
(Mdller et al, 1995) andArabidopsisSTM1(Longet al, 1996) andKNAT1
(BREVIPEDICELLU®(Lincolnet al, 1994; Douglagt al, 2002; Venglaet al, 2002). Their
spatial expression was confined primarily in theistematic tissues and has a profound effect on
vegetative development, in contrast to the corstéiexpression of the classKNOXgenes.

The class KNOX genes control the maintenance of shoot apicalsteseni (SAM), determination
of cell fates and differentiation of vegetativesties (Kerstettegt al, 1997). InArabidopsisand
tobacco, overexpression of these genes resulteiddvelopment of lobed leaves, distally
displaced stipules and occasional ectopic meristanthe adaxial leaf surface (Singizal,

1993; Sateet al, 1996). A number of dominant mutations were idiedl in the class KNOX
gene loci of various plant species. Such gaindofztion mutations induce dramatic

morphological changes, but the patterns of altenasissume species-specific features (Williams-



Carrieret al, 1997). The mutant maizxanl alleles disrupt normal leaf development and induce
knot-formation on the leaf vein. Thi&1l dominant phenotype is due to altered gene exjmessi
patterns by structural mutations at Kmel locus. Most of the mutations result from insertod
Ds or Mutator transposons into the longest intron (3rd intrdithe knl gene, and one allele
(Kn1-0 is caused by a tandem duplication of the 17-kimgec region including the entire
coding region (Vollbrechet al, 1993). A tomato mutatioMouse eargiramatically changes the
leaf architecture forming compound leaves, whictaigsed by a fusion event involving a class |
KNOXgeneLeT6(Chenet al, 1997). In barlefHooded(K) mutants possessing a dominant
allele ofHvKnox3 inflorescence-like structures differentiate oe tipper lemmas and awns
(Muller et al, 1995). This hooded phenotype is caused by ebpGFuplication in the longest
intron (4th intron) at thélvKnox3locus (Mulleret al, 1995). A similar phenotype was
recovered in transgenic barley plants overexprgdsi@ maiz&kn1 cDNA (Williams-Carrieret
al., 1997).

The class KNOXgene family commonly has a large intron of sevkitabase pairs in
length and additional three or four short introfi$is large intron contains some regulatory
elements controlling the level of transcription dissue-specificity (Sangt al, 2003).
Therefore, structural mutations in the large intoften induce ectopic expression of #KEOX
genes and exhibit dominant mutant phenotypes. elfesgures render thdNOXgenes a
suitable candidate for studying structural and fiomal divergence associated with
allopolyploidization in common wheat. We previguslolated three highly homologous cDNA
clones encoding the KN1-type homeobox protein fy@mmng spikes of Japanese common wheat
cultivar ‘Norin 26’ based on the homologyknl andOSH1(Takumiet al, 2000). The three
cDNA copies were assigned to the homoeologous gtazthromosomes in the three component

genomes of common wheat and designatdoxlaWknoxlbandWknox1ld Their predicted



amino acid sequences were highly conserved, antahtdse polymorphic sites among the
Wknox1cDNA sequences were synonymous substitution. higite degree of conservation of the
Wknoxl1gene likely reflects their important functionale® in the monocot development.
Despite the conserved feature amongkiimehomologs, structural mutations with phenotypic
alterations were frequently identified in long oris of the maiz&nland barleyHvKnox3
Therefore, objectives of our study were to idensifiuctural mutations and evolutionary changes
through allopolyploid evolution in thé/knox1loci and their consequences on Wknox1
expression.Here, we present our results of a comparative aisabf the three genomic
sequences of tivknoxlhomoeologs in a common wheat cultivar ‘Chineserfgp(CS). We
found a large number of structural mutations in4tieintron and the 5’-upstream region among
them and allocated some of the mutation eventsarptedicted lineage of the wheat genome
evolution. Despite such mutations, the functiothef threeNknox1homoeologs was conserved

in the wheat genome evolution.

Materials and methods

Plant materials

Genomic sequences of the thi&nox1loci and their expression were determined using a
common wheatTriticum aestivurmL.) cultivar ‘Chinese Spring’ (CS). Evaluationtbie Wknox1
function was made in a heterologous system usargtormants oNicotianatabacumcyv. ‘Petite
Havana'. To study the distribution of seven langgtations at th&/knox1loci, a total of 48

Triticum andAegilopsaccessions were used (Table 1). They includeatt8ssions of einkorn



wheat (wildT. urartu andT. boeoticunmand cultivated’. monococcungenome constitution AA),
4 of AegilopsspeltoideqSS), 8 of four othefAegilopsspecies in the section Sitopsis (SS) and 5
of Ae. squarrosgdDD). Two common wheat (AABBDD) cultivars, ‘CShd ‘S-615’, 10
accessions of wild tetraploil dicoccoide4AABB) and 9 accessions of cultivated tetrapldid
dicoccum(AABB) were also used to analyze the distributbdinsertions and deletions (indels).
These tetraploid wheat accessions were selectsal/gry the major areas of their distribution.
Single plants from all accessions were grown iregh®use for verification of the species

classification and for DNA extraction.

MRNAIn situ hybridization of th&Vvknox1gene and production of transgenic tobacco plants

with the35S::Wknox1chimeric gene

Wheat tissues for mRN#A situ hybridization were fixed in 0.1 M sodium phosphlatgfer
containing 4% (v/v) paraformaldehyde and 0.25%)(glutaraldehyde for more than 12 hr at 4
°C. The fixed tissues were embedded in Paraplast(Bherwood Medical) after dehydration
with ethanol and infiltration with xylene. The eeddled samples were sliced into 10 um sections
by rotary microtome HM325 (Zeiss). HybridizatiohwknoxImRNA with digoxigenin-labeled
sense and antisense probes produced froimxlacoding region was performed overnight
at 50 °C. The RNA probes were directly synthesizé T3 and T7 RNA polymerase
(TOYOBO, Japan) from a cDNA clone encodWtxnoxl1a Takumi et al., 2000) After
hybridization, the sections were washed in 4x S&PE5 °C. Immunological detection of the
hybridized probe was according to Sentekal (1999).

A cDNA clone encodingVknoxlawvas introduced into th¥bal/Sad site of pBl121

(Clontech) to produce tHéaMV35S::Wknoxlaonstruct. Th&5S::Wknoxlaonstruct was



introduced into leaf discs of ‘Petite Havana’ usikgyobacterium tumefaciendBA4404 to study
phenotypic changes induced by over-expre¥8kdoxla Transformants were selected on the
Murashige-Skoog (MS) medium (Murashige and Sko862) containing 0.1 mg/l NAA, 1.0
mg/lI BA and 250 mg/l kanamycin, and regeneratel@mone-free MS medium containing 50
mg/l kanamycin. Southern and northern blot analysere conducted respectively to confirm
integration and expression of the transforiékhoxlagene as previously reported (Ohetaal.,

2001).

Cloning and sequencing of the homoeologdksmox1loci

Genomic clones containing theknoxlsequences were screened from a wheat transfonmatio
competent artificial chromosome (TAC) library consted from CS (Liet al, 2000). The 1st
and 2nd screenings were performed according tpribeedure of Litet al (2000) and five
positive clones were isolated. For characteripadibthe isolated TAC clones, DNA inserts were
digested with a restriction enzyriendlll, resolved by electrophoresis through 0.8% agargel
and blotted onto nylon membranes. Southern hytaiotin with theVknox1acDNA as a probe
was carried out using an enhanced chamiluminesd&itee) direct nucleic acid
labeling/detection system (Amersham, UK). Wdknoxlgenomic regions were subcloned into
pBluescriptll SK plasmid vector (Stratagene, USA) and the threie ddlowith ca. 10-kb in

length, were sequenced by the automated fluoresigentdeoxy terminator cycle sequencing
system using ABI PRISHY 310 Genetic Analyzer (PE Applied Biosystems, USAhe DNA
sequences were analyzed by a DNASIS (Hitachi, Jagpaha multiple alignment was calculated

by the Waterman'’s algorithm (Waterman, 1986).



Detection of polymorphisms among the thélenox1 loci

Based on the multiple alignment data, a large nurabsingle nucleotide polymorphisms (SNPs)
and indel mutations were found among the tM#@ox1loci. To exclude cultivar differences,
sequence data of all the three homoeologous loa wletained from a single cultivar of common
wheat, CS. Base-change mutations were classiftedhe following two groups. In one group
nucleotides at corresponding sites were all diffee@nong the three homoeologs, and in another
identical nucleotides were found in two homoeologence, we defined the former group as
‘unclassified base changes’ and the latter as ‘genspecific SNPs’. Nucleotide changes unique
in one homoeolog were tentatively classified imsertion mutations, and sequences uniquely
lacking in one homoeolog were classified into defetmutations.

Based on the number of the indel mutations andém®me-specific SNPs, we calculated
mutation rates in th&/knoxlloci. The unclassified base changes were omitted the
calculation because their genome specificity cotldetermine from the SNP data. The
calculated mutation rates among the three homoea®tpci were considered to reflect the

levels of differentiation of the A, B and D genonieshe hexaploid genome.

PCR analysis of insertion/deletion mutations at\tienox1 loci

A comparison of genomic sequences of the thiv&aoxlloci revealed a number of indel
mutations with longer than 6-bp in length (see ResuSix indel mutations and one
recombination event were selected to study theiloligion of mutations imriticum andAegilops
species. Specific primer sets for PCR analysi®wlesigned for individual indel mutation sites

(Table 2). The primer positions were set in tla@king regions of the mutation sites. All the



primer sets precisely recognized and amplifiedotbiective regions from the ancestral species of
common wheat. The template DNA (50 ng) and 10 abheof the primers were mixed with 2 pul
of 10x DNA polymerase buffer, 100 uM of a dNTP mre (equimolar dATP, dCTP, dGTP and
dTTP), 10% (v/v) glycerol and 1 unit of Taqg DNA puolerase in a total volume of 20 pl. PCR
consisted of the following steps: denaturation4aCfor 1 min, annealing at the indicated
temperature for 1 min, and DNA synthesis at 72°Clfmin. Thirty-five cycles of PCR were
performed, and the amplified DNA fragments wereyael by ethidium-bromide staining after

1.5% agarose gel electrophoresis.

RT-PCR analysis of the homoeologduiknox1transcripts and functional analysis of the 5’-

upstream sequences of Méknox1 loci

Total RNA was extracted from the following tissugsung spikes, shoots containing SAM,
pistils at two different developmental stages, leasrand paleas of ‘S-615" according to Takumi
et al. (2000). cDNA was synthesized from DNase&ted RNA with Rever-Tra Aae

(TOYOBO, Japan) and subjected to RT-PCR (reveesstriptase PCR) analysis. In RT-PCR
of the three homoeologo¥gknoxltranscripts, a common forward primer, 5'-
GGAGGGTGGAGACGCAACTCAACT-3, and the following theereverse primers were used,
which were designed based on the homoeolog-spaseifjuaences of the 3’ non-translated region;
5-CACCGACCAAGGTCACCAGT-3’, 5-CGCCGACCAAGGTGACCGG@' and 5'-
CCAAGGTCACCGGTAACGGT-3' fowknoxlaWknoxlbandWknox1drespectively. For
amplification of the ubiquitin gene as a contrbk following gene-specific primer set was used,;

5-GCATGCAGATATTTGTGAA-3" and 5-GGAGCTTACTGGCCAC-3 All of the amplified



DNA fragments were separated by electrophoresmigir 2% agarose gel and stained with
ethidium-bromide.

The 5’-upstream sequences, all about 2-kb in lergftthe threeNknoxlhomoeologs were
individually fused tahe gusAreporter gene to analyze their tissue-specific@&sgonpattern.
An additionalconstruct was produced to contain huesAgene under control of the 680-bp 5'-
upstream region of thé&/knox1dchomoeolog. Transformation was conducted as alread
described. GUS activity was assessed histochdmasldescribed previously (Takumi and

Shimada, 1996). The chlorophyll of histochemicaligined leaves was extracted with ethanol.

Results

Functional orthology of th&Vknox1gene to thé&nl-type homeobox gene

In the previous RT-PCR study (Takuetial, 2000), we showed that thgknoxlgenes were
specifically expressed in SAM-containing shoot gadng spikes and that the tissue-specific
expression pattern of thknoxlgene was similar to that of thal-type homeobox gene family
including maizeknland ricecOSH1(Kerstettert al, 1994; Sentoket al, 1999). To confirm
this, mRNAIn situ hybridization using the antisense probe was peréorin the longitudinal
sections of the shoot apex from one-day-old wheedllings. Th&Vknoxlexpression was
confined in the interior (L2) cells of SAM and démging tissues in the stem (Fig. 1A). There
was no detectabM/knoxImRNA in young leaf primordia and old leaves. Gohéxperiment
using the sense probe showed no hybridization Eddata not shown). The result suggested

that the characteristic tissue specifi@fitheknl-type genes was conserved in the wigkhox1



gene. To further analyze biological effects ofeitsopic expressionyknoxlacDNA was
overexpressed under control of the CaMV35S promnotegansgenic tobacco plants. More than
thirty transgenic plants were recovered. Integrainto the tobacco genome and expression in
leaves were confirmed by Southern and northernasiatyses in all transgenic plants (data not
shown). A majority of the transformants showedabral morphologies including aberrant
leaves. The altered morphology was inherited éoréxt generations (data not shown). Flower
morphology in the transformants was slightly alteishowing more deeply split petals than the
wild-type (Fig. 1B vs 1C). In the transformantgtwmild effects, the leaf edges were slightly
wrinkled (Fig. 1D vs 1E). Some transformants shebwmind leaves. Severely altered
transformants developed compound leaves (Fig.sliff)lar to those observed in transgenic
tobacco plantsverexpressing ric®SH1(Satoet al,, 1996) andDSH15(Satoet al, 1998). In
such transformants, ectopic leaves and/or shoats eszasionally formed on the adaxial side of
the leaves (Fig. 1G, 1H). This phenotype is simiahat of transgenic tobacco overexpressing
knl, OSHlandHvKnox3(Sinhaet al, 1993; Milleret al, 1995; Satet al, 1996). To confirm
ectopic expression of the introduc&tknoxlagene,n situ hybridization with the antisense probe
was conducted using the sections of leaves formatgpic shoots. Th&/knoxImRNA was
detected in the ectopic shoots on the leaves dféimsgenic tobacco plants (Fig. 11). The
ectopic expression of th&knoxlagene triggering the typical ectopic tissue-formaiiodicated
that thewknoxZtderived protein played a functionally similar ratethat of other KN1-type

homeobox proteins.

Genomic sequence diversity in the homoeolo§ékisox1 loci

10



The maizeknland riccOSH1have five exons and four introns (Vollbreehtal, 1991;
Matsuokaet al, 1993), while the barleflvKnox3(Bkn3 and wheatWknoxlhave an additional
exon and intron at the 5’ non-coding region (Mu#éal, 1995; Takumet al, 2000). This
exon/intron structure is conserved among the tWWkerox1lhomoeologs (Takunat al, 2000).
To further study structural divergence among themjsolated five genomic clones from the
TAC library of CS. Three clones contained full-ggmWknox1genomic sequences with different
Hindlll restriction fragment length polymorphism patie. Nucleotide sequences of iv&nox1
regions in these clones were identical to eachobige threeVknox1cDNA sequences. Thus,
we concluded that the TAC clones contained théhaetle homoeologous loci, i.8/knoxla
WknoxlbandWknoxld TheWknoxlgenomic sequences including 5’-upstream regions we
subcloned and their nucleotide sequences werendieied. Total lengths covering the 5’-non-
coding regionthe open reading frame (ORF) and the 3’-downstreathe polyadenylation site
were 7,243-, 7,256- and 7,444-bpiknox1aWknox1bandWknoxldoci, respectively (Table
3). TheWknoxlhomoeologs all possessed GC-AG nucleotides inste&I-AG at the
exon/intron borders of the second intron. Nuct®tequences of the 5’-upstream regions were
2,512-, 3,592- and 2,581-bp in length, respectively

High homology was observed throughout the exommtegions of the threé&/knox1
homoeologous loci, but a large number of indel-tgpmorphisms were found among them
(Fig. 2A; Table 3). A total number of indel mutats in the studied region was 114, among
which 29 indels were longer than 6-bp in length a&af them were localized in thWgknox1b
locus. A total number of short indel mutationsslédsan 5-bp in length was 85, and most of them
were found in the fourth introns (Table 3). OnbBedeletion was observed in the ORF of
Wknoxlaand 4 indels occurred from the stop codon toguidyylation site as previously

reported (Takumi et al., 2000). Four insertionusetpes (ISs) showed high homology to the
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miniature inverted repeat transposable element B)Idassified into th&towawayfamily in
barley andHeteranthelium piliferunfBureau and Wessler, 1994). T&®wawayamily is an
abundant transposable element in the grass genomeas of these four ISs were 123- and 160-
bp in length, respectively contained 36- and 41dominal inverted repeats (TIRs), and located
in the fourth intron oiWknox1b Sequence identities of the TIRs were 94.4% &na% in the
123- and 160-bp ISs, respectively. An IS in therlo intron ofWknoxlawas 49-bp and that of
Wknoxldwvas 122-bp in length. An identity of TIRs was &Evin the 122-bp IS (86.0%) than in
the 123- and 160-bp ISs, and only 12-bp TIR co@ddzognized in the 49-bp IS. A short TA-
dinucleotide repeat (a target site duplication)icltwas characteristic to ti&owawayfamily,
was found at the ends of all these ISs. The gulicated that these four ISs belonging to the
Stowawayamily of MITE was active at least after differation of the A, B and D genomes.
One tandem duplication was found in the fourthantof Wknox1dand one in the 3’ non-coding
region ofWknox1b These duplications were respectively 50- anth@# length.

A large number (538) of SNPs were found amonghheetVknoxlloci. Most of the SNPs
were in the intron regions, especially in the fourtrons (Table 3). The observed SNirse
considered to reflect the degree of differentiabbthe A, B and D genomes derived from a
common ancestral genomall base changes within the indels belonged touthelassified base
changes, whereas a total of 444 genome-specific$MPe recognized among the thygknox1
loci (Table 3). A majority (231) of genome-speci8NPs was found in th&knox1kdocus, and
the number of SNPs Wknox1bwvas more than the sum of SNP3knoxlaandWknox1d

A total of 558 mutation events excluding the unsisd base changes were detected in the
total length of the thre&/knoxl1sequences (22,643-bp). Thirty-eight mutationseviretthe exon
regions (4,501-bp) with an average mutation rat@.@984. In the intron regions (17,426-bp),

521 mutations were found with an average mutat® of 0.030. The mutation rate in the
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intron regions thus was more than 3.5-times higinan that in the exon regions. The mutation
rates in the 3’ non-coding region were higher ttreose in the open reading frame at all three loci.
The average mutation rate\Wknox1(0.041) was the highest among the three homoeatogs
both exon and intron regions. The mutation raté&/&hox1a(0.025) was higher than that of
Wknox1d0.013). Most of the mutation events were conegedl in the fourth introns, but the
magnitude of mutation rate in the fourth intronsswamilar to those in the fifth introns and the
total intron regions (Table 3). This result indexdthat the number of mutation events was
largely dependent on the intron length.

The upstream-half regions of the fourth intronshaf three/Wknox1loci showed high
homology to the corresponding region of the baHeiKnox3(accession number X83518). On
the other hand, the downstream-half regions showeath less homology. In the upstream-half
region of the fourth intron, PHO-binding sites (AGG) and (GA/TC) repeats present in
HvKnox3(Santiet al, 2003) were conserved in the fourth introns bfrakeWknox1oci (Fig.
2B). The repeat number of the (GA/T.Gequence varied among the thvékenoxlhomoeologs
andHvKnox3 Insertion sites of Mutator transposable element were assigned to this intron
region in the maiz&nl (Vollbrechtet al, 1993), and a 305-bp tandem duplication occurred
the same region of the barlelyKnox3(Mduller et al, 1995). These insertion and duplication
events resulted in the domindttl andK mutations of maize and barley, respectively.

In the 5’-upstream regions of théknoxlloci, sequence alignment could be constructed
within ca. 1.5-kb regions betwe&iknoxlaandWknox1bhwhile homology between these and
Wknoxldwvas found only within a 680-bp upstream regioihe Toss of homology in the
upstream region dlvknoxldndicated a recombinatiaat this boarder in this locus. In the 680-

bp upstream region, two ISs longer than 6-bp weuad inWknox1d A 30-bp tandem
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duplication and a 144-bp IS were recognized inugpgtream region alvknoxlacompared with

theWknoxlbsequence.

Allocations of the structural mutations in the extadnal lineage of the polyploid wheat genome

To allocate the major structural mutations in thielational lineage of the polyploid wheat
genome, PCR analyses were conducted using gendgispemer sets to detect polymorphisms
among the thre&vknoxlhomoeologs. In this study, accessions from preatiploid donor
species with A or S (B) genomes and tetraploidladaploid wheat were used. We expected
that polymorphisms in the PCR-amplified fragmemtsag species and/or accessions should
enable us to assign structural mutations to thaufaded lineage in the wheat genome evolution.
Fig. 3A shows, as an example, the result of PCRIifiogtion of the 123-bp MITE insertion in
the fourth intron.

Six insertion events including one tandem duplaaand one recombination event were
mapped into the history of wheat genome evolutig.(3B). Two MITE insertion events (123-
bp and 160-bp) were observed in all accessiofis dicoccoidedut not in einkorn wheat (A
genome) or Sitopsis species (S and S-related ges)pmeerring that the MITE insertion
occurred in the fourth intron Wknox1bafter allotetraploidization betwedn urartuandAe.
speltoides The 157-bp insertion in the fifth intron Wfknox1bwas found in all accessions of the
cultivated tetraploid . dicoccumandT. durum) and common wheat but not in accessions of the
wild tetraploid wheatT. dicoccoides This result suggested that the 157-bp insedmurred
in the process of domestication of emmer whedtpatjh more accessions of tetraploid wheat
should be studied. A 144-bp insertion and a tandeptication in the 5’-upstream region of

Wknoxlawere foundn T. urarty and a 122-bp MITE insertion in the fourth intramd a
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recombination in the 5’-upstream regionWknox1ldwas found irAe. squarrosa These

mutation events likely occurred in the differeribatprocess of A and D genomes from an
ancestral diploid genome. It was notable thatainelem duplication iff. urartu accessions was
not found in other A genome diploid (Einkorn) s@eci. boeoticumandT. monococcumThe
tandem duplication event therefore likely occuraéér the divergence df. urartufrom the

other Einkorn species. All polyploid wheat accessiexamined in this study possessed this
tandem duplication, supporting the view that thgehome of polyploid wheat was derived from

T. urartu(Dvoraket al, 1993; Takumet al, 1993).

Comparison ofVknox1 expression patterns among the three homoeologs

Because of the significant number of mutationdanthreeVNknox1lhomoeologs, we compared
their expression patterns in different wheat orgaased on the genome-specific
polymorphisms in the 3’ non-coding regions (Tabjev@e designed three reverse primers to
distinguish the thre&/knoxlhomoeologs-derived transcripts (Fig. 4A). Thecdprty of the
primers was confirmed by PCR amplification of theee homoeologs with the subcloned
plasmid DNAs (data not shown). All three homoeolagjtranscripts showed quite similar
accumulation patterns after RT-PCR (Fig. 4B). Ygspikes and SAM-containing shoots
seemed to show higher expression levels of the thoenoeologs than in paleas and pistils. No
transcripts were detected in lemmas. Intensitigseamplified fragments did not differ after 25
and 30 cycles of the PCR among the three homoeolbigs result indicated that the thi€eox1
homoeologs retained the similar tissue-specific@sgon patterns.

To study in more detail tissue-specific expressibthe three homoeologo¥gknox1loci,

we constructed three chimeric GUS reporter gendsrucontrol of the 5’-upstream regions of

15



WknoxlaWknoxlbandWknox1dFig. 5A), and introduced them into the tobaccoaree.

More than ten transgenic plants were recovereddoh construct. GUS assay was performed in

the kanamycin-resistant plants atgeneration. Strong GUS expression was observigtin

shoot apices and weak expression in the vascuséerag (Fig. 5B). This expression pattern of

theWknox1::GUSonstructs was consistent with the results obtefr@min situ hybridization

of WknoxImRNA (Fig. 1A) and RT-PCR of the three homoeolagtranscripts (Fig. 4).

Identical patterns of the GUS expression in theghromoeologous constructs indicated that no

structural mutations influenced the SAM-specifipession pattern of thé&knoxlhomoeologs.
The upstream divknoxldexcluding the 680-bp region showed no homology wie two

other homoeologs or with any other sequences dieplasi database, implying that a

recombination occurred at this border. To exarntteepromoter function of the 680-bp upstream

sequence, it was fused with B&Sgene (Fig. 5A) and thé&/knox1d680::GUS$onstruct was

introduced into tobacco. Sixteen transgenic plamse recovered, and the GUS assay was

performed in the kanamycin-resistant plants;ag@neration. The GUS expression pattern of the

Wknox1d680::GUS$onstruct was identical to that of tknox1::GUSonstructs (Fig. 5B).

The result indicated that the recombination ata®@-bp border iWwwknoxlchad no detectable

influence on its expression patterns, and thatréggn contained essent@s-elements required

for the SAM-specific expression @¥knox1

Discussion

The maizeknl-type homeobox genes play essential roles in thater@ance of SAM,

determination of cell fates and differentiatiorvefjetative tissues (Kerstettral, 1997). They
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show a highly conserved structure in their codiegjons (exons) but possess large introns (more
than 5-kbp in length) with many structural changesh as tandem duplications and
transposon/retroposon insertions (Vollbreehal, 1993; Milleret al, 1995). Our previous
study of three homoeologodgknox1cDNA sequences isolated from a Japanese commaoat whe
cv. ‘Norin 26’ suggested that they were ortholofthe maizeknl, rice OSH1land barley
HvKnox3(Bkn3 genes because of their sequence homology ancholsmmal location (Takumi
et al, 2000). We now proven the functional orthologyhesewWknoxlhomoeologs to thikenl-
type homeobox genes by their SAM-specific exprespattern in wheat and the morphological
alterations induced by overexpression in transgeriacco plants (Fig. 1). Abundant
accumulation of th&knoxltranscripts in the meristematic tissues agreetiwiti the
characteristic expression patterrkafi andOSH1(Kerstetteret al, 1994; Sentoket al, 1999).
Dramatic morphological alterations in transgentzaico plants by ectopic overexpression of
Wknoxlwere similar to those reported in transgenic tobawerexpressing maikal, barley
HvKnox3and ricecOSH1andOSH15(Sinhaet al, 1993; Mdlleret al, 1995; Satet al, 1996;
Satoet al, 1998). These morphological changes were camigtith the reported ectopic
meristem formation in maiz€nl mutant leaves (Kerstettet al, 1994). We therefore
considered that théd/knoxlhomoeologs should fulfil a requirement as target for studying the
intragenic diversity that is associated with alllgptoid evolution of the wheat genome.

We isolated genomic sequences representing a sateef homoeologou&/knoxlloci
locating on the three homoeologous chromosomegofranon wheat cv. CSA large number
of structural mutations including indels, tandenpldiations and SNPs were found in these loci
(Table 3 and Fig. 2A). Most of the mutations werapped within the longest fourth intron, of
which a majority were in its downstream-half regiorhe result suggests that the upstream-half

region of the fourth intron is more conserved thi@downstream-half region. In fact, the
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downstream-half region of the fourth intron lacksrtology to that in the barldyvKnox3locus
(Fig. 2B). Several large indel mutations includfogr MITE insertions occurred in this region.
Using these polymorphic sites, a series of dipgmdcies with A, S (B) or D genomes and
polyploid wheat with AB and ABD genomes were stddie determine when such structural
mutations occurred in the evolutionary lineagethefwheat genomes (Fig. 3). Seven mutation
events were mapped in the history of wheat genorakigon and gave the following inferences.
Two MITE-insertion events occurred after allotetoagization betweefM. urartuandAe.
speltoidesn the fourth intron ofWVknox1b A 157-bp insertion occurred in the process of
domestication of emmer wheat. A 144-bp insertiod @ tandem duplication in the 5’-upstream
region ofWknoxlaand a 122-bp MITE insertion in the 4th intron @combination in the 5'-
upstream region dlvknoxldoccurred in the differentiation processes of A Bngenomes from
an ancestral diploid genome. The unique presehiteedandem duplication iih. urartu among
Einkorn species and the common presence of thiatroatin the A genome of tetraploid and
hexaploid wheasupported that the A genome of polyploid wheat dexsved fromT. urartu
(Dvoraket al, 1993; Takumet al, 1993). Our results obtained using Wknoxlhomoeologs

as a target gene demonstrate the usefulness witthgenic diversity within the homoeologous
loci containing long introns in the evolutionarydies of allopolyploid wheat. Effects of
amphidiloidization and domestication on the accwtioh of mutations should be further
investigated using more homoeologous gene pairsegesg desirable characteristics.

We also addressed a question if the thW@ox1lhomoeologs went through different modes
of diversification. The mutation rate observe@ath one of thevknoxlhomoeologs gave some
inferences on this aspect. The mutation rateeWtknox1bocus was the highest among the
threeWknoxlhomoeologous loci. The number of indel eventh@Wknoxlbocus was also

larger than in th&VvknoxlaandWknoxldoci. The observed mutation rates among the three
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homoeologous loci should reflect the levels ofatiétiation of the A, B and D genomes in the
hexaploid genome evolved before and after allogolgization of ancestral diploid genomes.
The highest mutation rate observed in\tWenox1kocus might be ascribed to the heterogeneity
due to a high outcrossing frequencyAie. speltoidesand/or to significant changes in the course
of evolution of the S genome Ak. speltoideso the B genome of polyploid wheat. An exact
reason for such a high level of differentiatiorthe S and B genomes is unknown, although some
hypotheses were proposed earlier (Zohary and Feldbh®62; Furuta and Tanaka, 1970). The
mutation rate in th&Vknoxldocus was higher than that in tiéknoxldocus. Ae. squarrosas
widely distributed from Turkey to China, and itsraspecific DNA variation revealed by
amplified fragment length polymorphism analysisngce larger than that of. urartu, which
distributes in a restricted area from Lebanon tmémia (Mizumotcet al, 2002). Because the
interspecific genetic distance betweélkerurartuandAe. speltoidess nearly equal to that between
T. urartuandAe. squarrosasome mechanisms other than the genome-wide lefels
differentiation in these ancestral diploid spe@esrequired for explaining this higher mutation
rate in thewknoxldocus than in th&/knoxldocus. Molecular analysis of tie. squarrosa
population suggests that the modern form$.adestivunshare a common D-genome genepool
(Dvoraket al, 1998). The bottleneck effect at allopolyploidiaa between tetraploid wheat and
Ae. squarrosaeems to result in the lower mutation rate inWHenox1d Moreover, whole-
genome duplication often allows accelerated gewéugon, which has recently been proven in
yeast (Kelliset al., 2004). One plausible explanation might be tmatgsses of
allopolyploidization and/or domestication of polg wheat caused such differential alterations
in theWknoxlhomoeologs. Although we could not specify anyatiah events in thevknoxla
locus after tetraploidization, we found three itiserevents in th&Vknox1bocus that likely

occurred in the speciation procesdoflicoccoidesnd the domestication of cultivated emmer
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wheat. In case of tobac®iGA gene encoding am subunit of heterotrimeric GTP-binding
protein, one of the two homoeologous pairs accutedlmmore mutations in the evolutional
process of this allotetraploid species (Taketal, 2002). To clarify the mode of genome
differentiation after alloplolyploidization, moraformation is required on the differential
mutation rates among homoeologous gene pairs camgdong introns.

Another question we addressed in this study wage@lto the functional differentiation of
the threeVknoxlhomoeologs. We compared their expression pattgri&T-PCR using the
homoeolog-specific primer set and by using transg@facco plants harboring theknoxt
promoter:GUSfusion genes. All thre&/knoxlhomoeologs showed the well conserved
expression pattern characteristics to the cé¢Bi#dX genes in different wheat organs (Fig. 4),
suggesting that they are expressed under the sansetiptional regulation. The 5’-upstream
region of the thre®Vknoxlhomoeologs also caustte conserved expression pattern in the
transgenic tobacco plants (Fig. 5). The tissueifipgy of the Wknoxlexpression was
controlled bycis-elements located within ca. 700-bp upstream regidrch agreed with the
previous report that the 655-bp promoteHsKnox3controls the tissue-specific expression in
barley (Santet al, 2003). The highly conserved expression paiteditates the functional
identity among the thred&/knoxlhomoeologs. In cases of malkel and barleyHvKnox3
structural mutations in the upstream-half regiotheflongest intron result in dominant mutations.
The structural mutations induce their ectopic eggi@n resulting in the formation of ectopic
meristems on maize leaves and ectopic spikeletsadof awns in barley (Vollbrecht al,

1993; Mulleret al, 1995). The presence of some important regulai@mments was reported in
the intron region (Sanét al, 2003). In the whedknox1loci, however, no structural mutations

could change their SAM-specific expression pattard function of the homoeologs. The
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putative amino acid sequences are either iderdichaighly homologous among the three
WKNOX1 homoeologs (Takungt al, 2000).

A wheatHooded (Hd) mutation, one of the dominant awnless mutaticedces the length
of the awns and generally causes curved and twisted near the base (Watkins and Ellerton,
1940). TheHd locus is located on chromosome 4A of CS (Seas4)19vhich carries the
Wknoxlahomoeolog. The barlgyooded(K) mutants form additional spikelets at the top of
lemmas or in the middle of awns by ectopic expoessi theHvKnox3gene (Mulleret al, 1995).
In theK mutants, two additional and oppositely orienteitedpts are formed (Williams-Carrier
et al, 1997). Whealtld allele on the short arm of chromosome 4A is careid to be
orthologous to th& allele on the barley chromosome 4H (Linde-Laurseal, 1997).

Therefore, a question arises if fiknoxldocus in CS represents the mutant allele resptansib
for theHd mutation. No polymorphic sites that are potehtiaksociated with the ectopic
expression of thevknoxlloci were found in the exon and intron regionscbynparison of the
genomic sequences of the thiw&nox1lhomoeologs, although a number of mutations were
identified in the upstream-half region of tdknoxladth intron. The threé&/knoxlhomoeologs
showed the well-conserved expression patterndfiereint wheat organs (Fig. 4) and their 5'-
upstream regions induced the SAM-abundant expnessitvtansgenic tobacco plants (Fig. 5). In
spite of the chromosomal synteny between the b&rlagd wheaHd mutations (Linde-Laursen
et al, 1997), theVknoxlagene is not likelya candidate gene for tliiel mutation. Unlike the
barleyK mutants, clear formation of ectopic meristems oaiwe recognized readily in the wheat
Hd mutants (Takumet al, 2000), but an ectopic membranous tissue is amtalyy formed at the
lower region of the hooked awn in thigl accessions (S. Takumi, R. Morimoto and C. Nakamura
unpublished observation). The whett phenotype resembles to the batephenotype, but the

phenotypic effects observed in the ectopic tis$oeaed at the hooked awn in thiel mutants

21



are much less pronounced than those irktpbenotype. Two explanations can be postulated for
the reduced phenotypic effect of tHd mutation if theHd phenotype results from altered
expression of some wheat class | t}fi¢OX gene. It was reported that wheat plants carrging
single barley allele on the monosomically added barley chromasdhrh developed a wedk
phenotype, similar to the barley lines having akeeallele of thek locus,K® (Taketa and
Takeda, 1997). This observation in barley togetwidr the weak phenotype in wheat indicates
that the severity of the mutant phenotype is affg@ctot only by different mutant alleles but also
by ploidy levels in the genetic background. Anotéeplanation can be that the whetat
mutation is caused by altered expression of yehawk class | typ&NOXgene, which plays
less essential roles in the SAM-formation and nesiance than thé&/knox1loci. In maize and
rice, the additional class | type KNOX genkspox3andOSH3 are present at the closely linked
chromosomal regions &hlandOSHJ respectively (Kerstettat al, 1994; Sentoket al.,

1999). The ric®SH3locus is only 15-kb apart from that OSH1(Sentokuet al, 1999). A
number of mutations accumulated in 8H3intron regions and two amino acid substitutions
were found at invariant positions of its homeodaomaigion (Sat@t al, 2001). Structural
mutations within and/or near thWgknox3adocus, which is located at the vicinity of tiléknoxla
locus (S. Takumi, R. Morimoto and C. Nakamura, ublished result), should be further studied

to clarify the relationship between the whE&tOX genes and thidd mutation.
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Legends of figures

Figure 1. Tissue-specific expression of Wknox1gene in wheat and morphological alterations
induced bywWknoxlover-expression in transgenic tobacco plants. Ii{A)tu
hybridization of thaVknoxImRNA in the longitudinal section of a shoot apexaaine-
day-old wheat seedling. TWgknoxImRNA was detected in the wild-type SAM.
Sections were hybridized to a digoxigenin-labal¢gkhoxlantisense probe. C, coleoptile;
PO, leaf primordia. (B to I) Transgenic tobaccan$ with the85S::WknoxXhimeric
gene. (B, D) Flower and leaf morphology of a wiyge tobacco plant. (C, E) Flower
and leaf morphology of a transformant with a mikeepotype. (F) A lobbed leaf from a
transformant with a severe phenotype. (G, H) Hctgaves and shoots formed on the
adaxial leaf surface of a transformant with a seygrenotype. (I situ hybridization of
the WknoxImRNA in a leaf section of a transformant with aese phenotype. An arrow

head indicates an ectopic shoot.

Figure 2. Major structural mutations in the thy¥@knoxlhomoeologous loci. (A) The mutation
sites of indels with more than 6-bp in length. TiHed triangles represent insertion sites
with their length shown above. Four MITE sequerares three tandem duplications are
indicated above the filled triangles. The delesdrs are indicated by open triangles with
their deletion lengths. The site between boldthimdlines in the 5’-upstream region of
WknoxZldndicates a recombination site. (B) Comparisopuihtive regulatory elements
in the upstream-half regions of the 4th intron aghtireHvKnox3andWknox1loci. The
PHO-binding sites and (GA/TE)epeats are shown. A shaded box indicates thdo805

tandem duplication in the barléymutation.
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Figure 3. Allocations of insertion, tandem duplica and recombination events in the three
Wknoxlhomoeologous loci through the evolutionary lineafjthe wheat genome. (A)
PCR amplification of the 123-bp MITE insertion let4th intron oiVknox1b Total
DNA was extracted from leaves of diploid, tetrapgland hexaploid species Bfiticum
andAegilops Arrows indicate PCR-amplified fragments. M; i§}® ladder size marker,
nc; negative control, Ldr;. durumcv. ‘Langdon’, CST. aestivuncy. ‘Chinese Spring’.
(B) Postulated lineages of six insertion events@me recombination event in the 4th
introns and 5’-upstream regions of Wé&nox1loci allocated in the wheat genome

evolution.

Figure 4. RT-PCR analysis of theknoxltranscripts from the three homoeologous loci. (A)
Alignment of the primer-containing regions in tineee\WWknoxlhomoeologs. Primer
locations are shown by boldface letters. (B) Conspa of theWwknox1aWknox1band
Wknoxldranscript levels in several wheat organs. Thelidiegh RT-PCR products were
548-bp in length. Total RNAs were extracted framinas, paleas, young spikes, SAM-
enriched shoots, and small (S) and large (L) gisfilhe ubiquitin gene was used as an
internal control. Numbers of PCR cycles are shawthe right side of the electrophoresis

gel.

Figure 5. Functional comparison of the 5’-upstressaguences of the thr&¢knoxlhomoeologs
in transgenic tobacco plants. (A) Schemes of tlie GUS gene constructs under control
of the 5’-upstream regions of theknoxlhomoeologs. Th&/knoxla::GUS,

Wknox1b::GUS, Wknox1d::GU®nstructs contained about 1.5 to 2.0-kbp 5'-epstr
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sequences, the first exons and introns, and ap#re second exons. The 5-upstream

sequence of th#nox1d680..:GUS contained a 680-bp upstream region showing high

homology among the three homoeologs. (B) Histoébanocalization of the GUS

activity near the shoot apices of the transgerbat¢oo plants (rgeneration).
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Table 1. Accession numbers and sources of platérrab used in this study

T. urartu (3 accessions): KU199-1, KU199-6, KU199-11

T. monococcum (2 accessions): KU105, KU3636

T. boeoticum (3 accessions): KU101-2, KU101-3, KU103

Ae. speltoides (4 accessions): KU1-2, KU1-3, KU2-4, KU2-5

Ae. bicornis (2 accessions): KU3-2, KU3-3

Ae. longissima (1 accession): KU4-5

Ae. searsii (2 accessions): KU-4-6, KU4-7

Ae. sharonensis (2 accessions): KU5-2, KU5-3

Ae. squarossa (5 accessions): KU20-1, KU20-3, KU20-6, KU20-9, KiJ20

T. dicoccoides (10 accessions): KU1945, KU1952, KU1959B, KU197BB8935, KU8736A,
KU8817, N (pop2), N (pop3), N (pop4)

T. dicoccum (9 accessions): KU7309, KU1582, KU10497, KU1050itr4013, P194628,
PI127531, KU1063A, KU3371

T. durum cv. ‘Langdon’

T. aestivum cv. ‘Chinese Spring’, ‘S-615’

KU: Plant Germ-Plasm Institute, Faculty of Agriture, Kyoto University, Japan
PI. National Small Grains Research Facility, USBRS, USA

Citr: National Small Grains Research Facility, USBRS, USA

N: E. Nevo, Institute of Evolution, University blaifa 31999, Israel.

For details of collection localities, see Kawah@@97) and Nevet al. (1982).



Table 2. Nucleotide sequences of primer sets umstigk investigation of structural mutations in thknox1 loci of

Triticum andAegilops species.

Forward (F) and reverse (R) length of annealing

Mutation Region _ Locus primer sequences the exdemteduct temp.
tandem 5 up Wknoxla F; 5-CATGTTGAGTGGACCTTTGA-3’ 411-bp 53°C

R; 5-CTGCAAGTACTGGGTTCAAG-3'
144bp-in 5'up Wknoxla  F;5-CTTGAACCCAGTACTTGCAG-3 333-bp 55°C

R; 5-TTATCGTATTGTCGCATCGT-3’
recombi 5 up Wknoxld F; 5-GCACCCCACCAATAGACCCA-3’ 306-bp 55°C

R; 5-TCCACACAGCCCTGCAAGAA-3’
123bp-in  4'int  Wknoxlb F; 5-ACAGATATCACGAGTTTCCG-3' 520-bp 58°C

R; 5-TGGACATGGTATTGTATGCA-3’
160bp-in  4'int  Wknoxlb F; 5-AATCCATAATCATTTGCTTC-3 840-bp 55°C

R; 5-ATACAAGACTTGGAGAAAGC-3
122bp-in 4'int  Wknoxld F; 5'-AAAAAAAAGGTTAAATGGAC-3' 400-bp 55°C

R; 5-ACCTTATACATGATTGGGAA-3’
157bp-in  §'int  Wknoxlb F; 5-GCTGAAGCACCATCTCCTGA-3’ 589-bp 63°C

R; 5-CATGTAGAAGGCGGCGTTAG-3’

in; insertion, tandem; tandem duplication, recamitombination, int; intron



Table 3. Summary of the comparative analysis afogdc sequences and the mutation rates in the three

homoeologou§\knox1 loci of common wheat.

Nucleotide Genome Total number Mutation
Region Locus length specific Insertion* Deletion*of mutation
(bp) SNPs events rate
Wknoxla 26 - - - 0 0
1st exon Wknox1b 26 - - - 0 0
S, Wknoxdd . 26 1 e e 1 0.038
Wknoxla 92 - 1 - 1 0.011
1st intron Wknox1b 91 - - - 0 0
_________________________________ Wknoxtd 9L e O QL
Wknoxla 458 5 - 1 6 0.013
2nd exon Wknox1b 461 - - - 0 0
................................. Wknoxdd ... 461 i Q0
Wknoxla 199 2 - - 2 0.010
2nd intron Wknox1b 199 3 - - 3 0.015
S Wknoxd 202 S 1 T 6. 0.030 .
Wknoxla 123 1 - - 1 0.008
3rd exon Wknox1b 123 4 - - 4 0.033
................................. Wknoxdd ... 123 i Q0
Wknoxla 104 - - - 0 0
3rd intron Wknox1b 100 3 - 1 4 0.04
_________________________________ WknoxId 104 o Q0
Wknoxla 145 - - - 0 0
4th exon Wknox1b 145 - - - 0 0
................................. Wknoxdd 145 i OO0
Wknoxla 5227 114 12 (3) 15 (4) 141 0.027
4th intron Wknox1b 5104 200 21 (4) 38 (8) 259 0.051
S Wknoxd . 9418 .70 .. .40 11(3)....... 85 ... 0.016.
Wknoxla 233 - - 0.004
5th exon Wknox1b 233 5 - - 5 0.021
S Wknoxd 233 Lo T oSN S 0.004 .
Wknoxla 117 3 - 1 4 0.034
5th intron Wknox1b 276 11 3(1) 1 15 0.054
S, Wknoxld 118 . 1 T SR SN 0.008 .
Wknoxla 204 - - - 0 0



6th exon Wknox1b 204 2 - - 2 0.010
(to stop codon) Wknoxld 204 1 S S SR 0.005
6th exon Wknoxla 315 7 - - 7 0.022

(from stop codon Wknox1b 294 3 1(1) 1(1) 5 0.017
to poly(A) site) Wknox1d 319 2 1) 1 4 0.013
Wknoxla 1189 7 - 1 8 0.007
total exon Wknox1b 1192 11 - - 11 0.009
(to stop codon) Wknoxdd 1192 3. =R T 3 0.003
Wknoxla 1504 14 - 1 15 0.010
total exon Wknox1b 1486 14 1(1) 1(2)* 16 0.011
(to_poly(A) site) Wknoxdd 1511 5 . 1() 1 A 0.005 .
Wknoxla 5723 119 13 (3) 16 (4) 148 0.026
total intron Wknox1b 5770 217 24 (5) 40 (8) 281 0.049
Wknox1d 5933 76 5 (3) 11 (3) 92 0.016
Wknoxla 7243 133 13 (3) 17 (4) 163 0.023
total length Wknox1b 7256 231 25 (6) 41 (9) 297 0.041
Wknox1d 7444 80 6 (4) 12 (3) 98 0.013

*. The numbers of indel events of more than 6dmth sequences are shown in parentheses.

**: This mutation was a change of poly(A) bindisige.



Fig. 1 (Morimoto et al.)
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