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Abstract

Bread wheat is an allohexaploid with genome composition AABBDD. Phytochrome C is a gene involved in
photomorphogenesis that has been used extensively for phylogenetic analyses. In wheat, the PhyC genes are
single copy in each of the three homoeologous genomes and map to orthologous positions on the long arms
of the group 5 chromosomes. Comparative sequence analysis of the three homoeologous copies of the
wheat PhyC gene and of some 5 kb of upstream region has demonstrated a high level of conservation of
PhyC, but frequent interruption of the upstream regions by the insertion of retroelements and other
repeats. One of the repeats in the region under investigation appeared to have inserted before the divergence
of the diploid wheat genomes, but was degraded to the extent that similarity between the A and D copies
could only be observed at the amino acid level. Evidence was found for the differential presence of a
foldback element and a miniature inverted-repeat transposable element (MITE) 5" to PhyC in different
wheat cultivars. The latter may represent the first example of an active MITE family in the wheat genome.
Several conserved non-coding sequences were also identified that may represent functional regulatory
elements. The level of sequence divergence (K,) between the three wheat PhyC homoeologs suggests that the
divergence of the diploid wheat ancestors occurred some 6.9 Mya, which is considerably earlier than the
previously estimated 2.5-4.5 Mya. K,/K; ratios were <0.15 indicating that all three homoeologs are under
purifying selection and presumably represent functional PhyC genes. RT-PCR confirmed expression of the
A, B and D copies. The discrepancy in evolutionary age of the wheat genomes estimated using sequences
from different parts of the genome may reflect a mosaic origin of some of the Triticeae genomes.

Introduction

Bread wheat (T. aestivum) is an allohexaploid that
arose some 8000 years ago through hybridization of
the tetraploid 7. turgidum subsp. dicoccum (genome
composition AABB) with the diploid Ae. tauschii
(DD). Evolutionary studies based on two nuclear

encoded genes, the plastid acetyl-CoA carboxylase
(Acc-1) and 3-phosphoglycerate kinase (Pgk-1),
estimated the hybridization of 7. urartu (AA) with
an unknown B genome species to have occurred less
than 0.5 million years ago (Mya), and the diver-
gence of the ancestral diploid A, B and D genomes
between 2.5 and 4.5 Mya (Huang et al., 2002b).
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These calculations are based on a total of less than
2000 bp of sequence alignment.

To date, most comparative studies carried out at
the sequence level between orthologous regions of
different species have involved species that diverged
earlier than 10 Mya (Chen et al., 1997; Gallego
et al., 1998; Tikhonov et al., 1999; Ilic et al., 2003;
Brunner et al., 2003). Some data are beginning to
emerge on the structural evolution of different
Triticeae genomes (Wicker et al., 2003; Kong et al.,
2004), but sequence comparisons of the A, Band D
genomes within allohexaploid wheat have, so far,
been limited to a few genes (Aoki et al., 2002;
Huang et al., 2002b) and none involved intergenic
DNA. The occurrence of substantial sequence
divergence, in particular in the non-genic compo-
nent of the wheat genome, has been suggested by
several data sets. First, RFLP analyses have dem-
onstrated the presence of high levels of intergenomic
variation between the three wheat genomes. Sec-
ondly, comparative sequence analysis within the
Triticeae have shown that closely related genomes
differ by the presence of retroelements (Wicker
et al., 2003; Kong et al., 2004). Lastly, there is
evidence that polyploidization can lead to rapid
genomic changes (Liu et al., 1998a, b).

To study the comparative organization and
evolution of the three wheat genomes, we embarked
on an analysis of the Phytochrome C genes and their
upstream regions in the A, B and D genomes.
Phytochromes are a family of photoreceptors that
mediate plant growth and development in response to
varying light conditions in the red/far-red spectrum
(Furuya, 1993; Smith, 1995). In their active form,
phytochromes can bind to transcriptional regulators
and thereby facilitate transcription of specific photo-
responsive genes (Martinez-Garcia et al., 2000; Quail,
2000). In Arabidopsis, the phytochrome family con-
sists of five members, Phy A—PhyE, while in monocots
only PhyA, PhyB and PhyC have been identified
(Clack et al., 1994; Mathews and Sharrock, 1996).
Their functions, in particular those of PhyA and
PhyB have been well studied (reviewed in Jackson
and Thomas, 1997; Deng and Quail, 1999; Smith,
2000). PhyC was recently shown to have a photo-
sensory specificity similar to that of PhyB (Monte
et al., 2003). Based on the analysis of mutant PhyC
alleles, Monte and colleagues suggested that PhyC
plays a role in the perception of day length and is
involved in photomorphogenesis throughout the life
cycle of the plant.

Phytochrome sequences have previously been
used to estimate phylogenetic relationships
(Mathews and Sharrock, 1996), although these
studies did not include species within the Triti-
cum/Aegilops complex. Partial PhyC sequence
information is available for some 200 species
and full length PhyC sequences have been iso-
lated from Arabidopsis (Cowl et al., 1994), rice
(Basu et al., 2000) and sorghum (White ef al.,
2004). The monocot PhyC genes consist of four
exons, which, in rice, are 2065-, 817-, 294- and
238-bp-long, resulting in a protein of 1137 amino
acids. We isolated PhyC genes from the A, B and
D genomes of wheat, together with several
kilobases of upstream sequence and analyzed
them for structural conservation. We combined
analysis of the sequence structure of the three
PhyC genes with evidence of divergence times
calculated from pairwise substitution rates and
from phylogenetic analysis. Topologies and diver-
gence times of PhyC and three other genes
(Acc-1, Pgk-1, and Sutl) were compared in order
to make inferences on the evolution of the three
diploid genomes in bread wheat.

Materials and methods
Plant materials

Seeds from Chinese Spring nullisomic—tetrasomic
(NT) (Sears, 1954) and ditelosomic (DT) lines
(Sears and Sears, 1979), and from the varieties
Chinese Spring, Soleil, Reward, Saitama 27 and
T. spelta accession ‘Grey’ were obtained from the
John Innes Centre germplasm collection.

Generation of a PhyC probe

Three forward and three reverse primers were
designed to conserved regions of the PhyC
sequence, identified after alignment of the rice
(GenBank acc. number AB018442) and sorghum
PhyC (acc. U56731) sequences. The primer
sequences are: PCCF1: 5-GAGATGCTCGACC-
TCACGC-3"; P CCF2: 5-TATCTTGGCCTGCA-
CTACCC-3; P CCF3: 5-GAAGATGCATCCA-
CGATCTTC-3;PCCR1: 5¥-TTGCAAGAGAAA-
CTCGCAAGC-3; PCCR2: 5-GCATCCATTTC-
AACATCCTCC-3’; and PCCR3: 5¥-TAAGCAG-
GAACCAAGATC ATTG-3'. Primer combinations



PCCF2/PCCR1 and PCCF2/PCCR2, which are
located within exon 1, and PCCF3/PCCR3, which
span intron 1, amplified single fragments from
each of the A, B and D genomes of the hexaploid
wheat variety Chinese Spring. Fragments ampli-
fied from the wheat aneuploid lines nullisomic5A—
tetrasomic5B (N5SATSB; lacks chromosome S5A
and has two pairs of chromosome 5B), NSBTS5D
(lacking chromosome 5B and carrying two pairs
of 5D) and N5SDT5B (lacking 5D and carrying
two pairs of 5B) were cloned in the pGEM-T Easy
vector (Promega). Several clones were sequenced
for each of the lines.

Assignment of the chromosomal location
and mapping of PhyC

A cloned PCCF2/PCCRI1 fragment was used as a
hybridization probe to HindIII digested DNA of a
set of 21 NT lines and 23 DT lines of Chinese Spring
wheat. Mapping was conducted in a population of
96 doubled haploid lines derived from an F; from
the cross Chinese Spring x SQ1 (Quarrie et al.,
1994). Restriction fragment length polymorphism
(RFLP) procedures and linkage analysis were
carried out as described in Devos et al. (1992).

Library screening

A lambda library of the variety Soleil was pro-
vided by P. Bailey and J. Flintham, John Innes
Centre, UK. The library was generated by cloning
Soleil DNA, partially digested with Mbol, into the
vector lambda FIX II (Stratagene). The library
was screened with a cloned PCCF2/PCCR1 wheat
fragment. Probe labeling was carried out as
described in Devos et al. (1992). Primary, second-
ary and tertiary screens and phage DNA extrac-
tions were carried out according to standard
protocols (Sambrook et al., 2001).

A TAC library of the hexaploid wheat variety
Chinese Spring was screened with primer pairs
PCCF2/PCCR2 and PCCF3/PCCR3. A descrip-
tion of the TAC library and screening methods are
given in Liu et al. (2000).

Restriction mapping
Phage DNA was digested with the restriction

enzymes Notl, Sall, Hindlll, SstI and with the
enzyme combinations Notl/HindIIl and HindIIl/
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Sall. TAC DNA was digested with HindIlI, EcoRI,
EcoRV, Dral, Pstl, Notl, Xhol and with HindIII in
combination with each of these enzymes. Fragments
were separated on 0.8% agarose gels, transferred to
nylon filters and hybridized using a cloned PCCF2/
PCCRI fragment as probe. Probe labeling, hybrid-
ization and washes were carried out as described in
Devos et al. (1992).

DNA sequencing

On the basis of the restriction maps, a 2.8 kb
HindIIl/Notl fragment (the Notl site is located in
the vector polylinker) carrying the PCCF2/PCCRI1
sequence and an upstream 4 kb HindIII fragment
were subcloned from the A-genome phage. A
6.5 kb Hindlll/Sall subclone, carrying the
PCCF2/PCCRI sequence was obtained from the
B-genome phage. Three fragments, covering a
total of some 8 kb, were subcloned from the
D-genome TAC clone. All fragments were cloned
into the pBluescript IT SK M13(+) plasmid vector
(Stratagene). Subclones were sequenced by primer
walking using the Big Dye Terminator v.3 kit and
separation of the fragments on an ABI 3700
(Applied Biosystems). Once sequence information
was obtained from one of the genomes, it was
possible to design primers that amplified homo-
eologous fragments from the other two wheat
genomes. Consequently, some of the sequences,
including the 3’ ends of the PhyC-5A4 and PhyC-5B
genes that were missing from the phage clones,
were obtained using PCR product as template. To
sequence the PhyC-5A4 region from the varieties
Chinese Spring, Reward, Saitama 27 and from
T. spelta acc. ‘Grey’, and the PhyC-5D region of
Soleil, a series of overlapping primer pairs cover-
ing the entire gene were designed against the 5A
Soleil and 5D Chinese Spring template, respec-
tively. The PCR products were cloned in the
pGEM-T Easy vector (Promega) and sequenced.
At least two clones from independent PCR reac-
tions were sequenced to eliminate PCR errors from
the sequence. In case of a discrepancy, the ambig-
uous sequence was compared with available
sequence from one or both of the other wheat
genomes and a conserved base rather than a SNP
was accepted as the correct sequence. If the
discrepancy could not be resolved by sequence
comparison, a third clone generated from yet
another independent PCR was sequenced.



628

Sequence annotation

The PhyC start and stop codons, and the intron—
exon splice sites were located by comparing the
structure of the wheat PhyC genes with that of
rice. The upstream intergenic region was anno-
tated by BLASTN analysis to the Triticeae repeats
database TREP (http://wheat.pw.usda.gov/ggpag-
es/ITMI/Repeats/index.shtml) and to the ‘nr’ sec-
tion of Genbank, and by BLASTX analysis
against the ‘nr Peptide Sequence Section’ of
Genbank. Conserved motifs present in the 5" up-
stream regions of the wheat and rice (acc.
AF141942) PhyC genes were identified using the
program VISTA (Dubchak et al., 2000). Criteria
used were a minimum of 70% identity over the
four aligned sequences in a 20 bp window.

RT-PCR

To test whether all three PhyC homoeologs are
transcribed, RT-PCR was carried out using for-
ward primer PCCF23 (5-AGGTTCGTCCCCTT
CCCTC-3") and reverse primer PCCR18 (5"-AT-
AGGGGGTATGAGCTCATTG-3") on first-
strand cDNA synthesized from RNA extracted
from 4-week-old Reward seedlings. RNA was
extracted using the RNeasy Plant Mini kit
(Qiagen) and first strand synthesis was conducted
using an oligo(dT) primer and Superscript II
reverse transcriptase (RT). The PCCF23/PCCRI18
primer pair spans intron 1, hence RT-PCR prod-
ucts are 109 bp shorter than products amplified
from any contaminating DNA that might be
present in the RNA preparations. PCR products
were subsequently digested with three restriction
enzymes, Btsl, EcoRV and Nsil, separated on a 5%
denaturing polyacrylamide gel and visualized by
silver staining.

Phylogenetic analysis

Representative sequences of PhyC coding regions
from across the major grass groups (see Supple-
mentary Material) were analyzed with PAUP
4.0b10 (Swofford, 2001), using a maximum likeli-
hood (ML) heuristic search with 10 random
addition sequences, tree bisection reconnection
branch swapping, and steepest descent activated.
A reduced data set (see Supplementary Material),
using exemplar taxa from each clade produced in

the first analysis was then constructed and com-
pared with the full data set to ensure that
topological relationships remained the same. The
correct likelihood model for both data sets was
calculated using MrModeltest (Nylander, 2002). A
likelihood ratio test was used to compare alterna-
tive phylogenies, constrained by the assumption of
substitution rate constancy (‘molecular clock’),
against the unconstrained phylogeny (Felsenstein,
2004). 1000 ML bootstraps of each data set were
analyzed, using the ‘fast’ heuristic bootstrap
method in PAUP 4.0b10.

The Acc-1 and Pgk-1 data sets from Huang
et al. (2002a) were also analyzed by ML, with both
full and reduced data sets (data sets are given in
Supplementary Material). Only coding regions
were used as non-coding regions could not be
unambiguously aligned. A fourth data set con-
sisted of the coding region of sucrose transporter
genes (Sutl) from the A, B and D genomes of
wheat (acc. AF408842, AF408843 and AF408844;
Aoki et al., 2002), barley (acc. AJ272309), maize
(acc. AB008464) and rice (acc. AF280050). In all
data sets, analyses included appropriate outgroup
taxa (PhyC: Joinvillea; Acc-1: Brassica napus
[cytosolic Acc], Lolium rigidum [cytosolic Acc-2];
Pgk-1: Arabidopsis thaliana; Sutl: Oryza sativa
[Suz3)).

Calculating divergence times

Divergence times (7) were calculated by two
different methods. One uses the same methods of
pairwise sequence comparisons as previous analy-
ses of divergence times in the Pooid grasses
(Huang et al., 2002a; Huang et al., 2002b), and
assumes a molecular clock. The pairwise sequence
comparisons estimate the absolute rate of
synonymous substitutions per site per year (k)
between two sequences whose divergence time can
be calibrated by fossils or geological events, using
the formula k£ = K /2T, where K is the estimated
number of synonymous substitutions per site
between orthologous sequences and 7 is the time
elapsed since the two sequences diverged. Absolute
divergence times were calibrated with the timing of
60 My for the divergence of the Pooid and
Panicoid grasses (50-70 My; Wolfe et al., 1989).
From the absolute rate k, it is then possible to
compare K values for the divergence of other pairs
of sequences and thus date them relative to the



calibrated substitution rate. The same method was
used to date a duplication present in the PhyC-54
upstream region. K, values were estimated using
the Nei-Gojobori method and the Jukes-Cantor
correction as implemented in the program
MEGA2 (Kumar et al., 2001). For non-genic
regions, overall nucleotide substitutions (K) were
used in the equation, and were estimated using the
Kimura 2-parameter method in MEGAZ2.

Divergence times were also calculated using a
ML tree-based approach (#8s version 1.50,
Sanderson, 2002; Sanderson, 2003), in order to
compare differences given by the various genes for
the divergence dates of particular nodes in the
trees. The same fossil dating was used in this
method as in the pairwise sequence comparisons.
Divergence times were calculated for both the
reduced PhyC coding data set and for the coding
sequences for Acc-1 and Sutl, in order to compare
the divergence times of designated clades for each
of the genes. Pgk-1 was not used because the nodes
on the tree constructed from the coding regions of
this gene that were to be compared for divergence
times had no support. The taxa used in each
analysis are given in Supplementary Material.

Trees were analyzed in r8s using the semi-
parametric penalized likelihood (PL) method
(Sanderson, 2002). The method allows branches
to vary in substitution rate but imposes a smooth-
ing parameter which limits how quickly rates can
vary. The best value for the smoothing parameter
was estimated in each data set by cross-validation
using multiple values for the parameter. High
values of the smoothing parameter approximate
analyses that assume a molecular clock while low
values allow rates to vary without constraint
(Sanderson, 2003).

The optimal ML trees estimated in PAUP were
saved as rooted trees with branch lengths, with
outgroups being deleted before analysis of the
trees in r8s. The truncated-Newton algorithm was
used for the analyses, and all age estimations were
started three times with different starting positions
to reduce the possibility of being caught in
sub-optimum local optima. Analyses used a diver-
gence time for the Panicoid (Zea, Sorghum)—Pooid
(Triticum, Secale, Hordeum) split of 60 Mya as
was also done for the pairwise nucleotide substi-
tution comparisons.

Distributions of dates for each node in the
phylogeny were calculated by producing ML trees
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from 1000 bootstrapped data sets (generated by
the Seqboot program in Phylip [Felsenstein,
1993]), constrained by the topology of the ML
tree from the original data set. R8s was then used
to calculate divergence times for designated clades
in each tree. These times were collated at the end
of the analysis and 95% confidence intervals
calculated for each clade.

The divergence dates for particular nodes
gained from the different genes can be compared
in a variety of ways, although it is not straight-
forward to construct an appropriate test to ascer-
tain whether the dates are significantly different.
As a first approximation, confidence intervals for a
node calculated from the distribution of dates
produced by bootstrapping were compared. We
also compared pairs of dates for a node derived
from different genes using a resampling approach
(Simon, 1995), to test the null hypothesis that the
divergence dates for each gene were sampled from
the same underlying age distribution. Divergence
dates for a pair of genes to be compared were
pooled, and 10 000 resampled pairs of dates were
obtained from the combined distribution. The
differences between the sampled dates were col-
lated, and this distribution was used to test
whether the measured difference between the
original divergence dates given by different genes
was more extreme than the middle 95% of the
resampled distribution.

Results
Chromosomal location of the PhyC gene in wheat

Nullisomic—tetrasomic and ditelosomic analysis
established that the PhyC gene was single copy
in the wheat genome and was located on the long
arms of the homoeologous group 5 chromosomes.
Mapping refined the location of the 5A locus,
which was polymorphic in a Chinese Spring X SQ1
doubled haploid population, to the distal region of
the long arm, some 90 cM from the centromere.
The PhyC gene was shown to cosegregate with the
vernalization response locus, Vrn-A1l. Analysis in
T. monococcum, however, has shown that PhyC
does not underlie the Vrn-1 locus, but is located
some 300 kb from APETALAI, the gene confer-
ring vernalization response at Vin-A"'1 (Yan et al.,
2003).
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Identification of wheat genomic clones carrying
PhyC

Screening of the Chinese Spring TAC library with
primer combinations PCCF2/PCCR2 and
PCCF3/PCCR3 identified three positive clones.
All three clones were detected with both primer
sets. The Soleil lambda library, screened with a
cloned PCCF2/PCCR1 wheat fragment, yielded
three positive clones. HindIIl fingerprints of the
three TAC and three lambda clones suggested that
the clones originated from three different wheat
genomes. A comparison of the patterns obtained
after hybridization of the PCCF2/PCCR2 frag-
ment to HindIIl digested DNA of each of the
clones and of the group 5 nullisomic—tetrasomic
lines revealed that two lambda clones were derived
from the A genome and one from the B genome.
All TAC clones were derived from the D genome.
One representative clone from each of the three
genomes was selected for sequencing.

Sequence analysis of PhyC-5A, PhyC-5B
and PhyC-5D

A total of 9533 bp was sequenced of Soleil PhyC-5A4,
including some 5 kb upstream of the ATG start
codon. 5525 bp of sequence was obtained for Soleil
PhyC-5B and 7992 bp of sequence for Chinese
Spring PhyC-5D. In addition, some 5500 bp, cov-
ering the PhyC-5A4 gene and 1400 bp of upstream
sequence, were obtained from the varieties Chinese
Spring, Saitama 27, Reward and 7. spelta acc.
‘Grey’. Sequences have been deposited in GenBank

under accession numbers AY 672994 (PhyC-54 —
T. spelta acc. ‘Grey’), AY672995 (PhyC-54 —
Chinese Spring), AY672996 (PhyC-5A4 — Reward),
AY 672997 (PhyC-54 — Saitama 27); AY 672998
(PhyC-5A4 — Soleil), AY672999 (PhyC-5B — Soleil),
AY673000 (PhyC-5D — Soleil), AY673001 and
AY673002 (PhyC-5D — Chinese Spring). During
the course of our experiments, a PhyC-5A4 sequence
from the variety CPAN 1676 was submitted to
Genbank by R. Kulshreshtha (acc. AJ295224). The
sequence differed from that of Soleil by nine base
substitutions. Seven of the differences, six of which
were in adjacent codons, led to four amino acid
differences. Two of these were amino acids that were
otherwise conserved in phytochrome sequences
across dicots and monocots. They are likely to
represent sequencing errors in the CPAN sequence
and therefore this sequence was not included in our
analysis. Some 5500 bp of sequence was also
obtained from the Soleil PhyC-5D locus. An align-
ment of the wheat PHYC proteins can be found as
Supplementary Material.

Soleil PhyC-5A4 has an open reading frame of
4196 bp and contains three introns of 109 bp,
322 bp and 346 bp (Figure 1A). The introns in
PhyC-5B and PhyC-5D are 107, 317 and 363 bp,
and 110, 317 and 355 bp, respectively. The rates of
synonymous (K;) and non-synonymous substitu-
tions (K,) between PhyC-5A—PhyC-5B, PhyC-54—
PhyC-5D and PhyC-5B-PhyC-5D are given in
Table 1. Most of the intergenomic variation is
present in the introns and in the 3rd codon
position. In all cases, K,/K; values were <0.15.
This indicates that PhyC is under strong selection

(A)
Exon 1 Exon 2 Exon 3 Exon 4
(B)
Ifis  Sabrina 5' duplication Barbara 3' duplication
e
PhyC-5A
pr——y -—>
Wilma RT Tandem repeat MITE

PhyC-58

uORF
-u+ PhyC-50

RT IR uORF

Figure 1. Structure of the PhyC genes in wheat (A) and of their upstream regions (B). RT indicates similarity to a reverse trans-
criptase; IR stands for inverted repeat. Connecting bars between PhyC-54, PhyC-5B and PhyC-5D indicate regions of similarity.
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Table 1. K values and standard errors for pairwise comparisons of the Soleil PhyC-54, PhyC-5B and PhyC-5D genes.

PhyC-54 PhyC-5B

Introns Exons (Kj) Exons (K,) Introns Exons (Kj) Exons (K,)
PhyC-5B 0.051 (£0.008) 0.064 (£0.009) 0.007 (£0.002)
PhyC-5D 0.030 (£0.006) 0.052 (£0.008) 0.005 (£0.001) 0.048 (+0.008) 0.053 (£0.008) 0.007 (£0.002)

for retained function. Intervarietal variation in the
coding region of PhyC-54 was limited to 10 single
nucleotide polymorphisms (SNPs) across the sam-
ple of five varieties. Five of the SNPs resulted in
amino acid changes, two of which characterized
T. spelta acc. ‘Grey’, two were specific to Saitama
27 and one to Soleil. The introns of the PhyC-54
genes were identical with the exception of a 1-bp
deletion in Soleil in intron 2. No differences were
observed between the coding regions of the Soleil
and Chinese Spring PhyC-5D genes.

The region 5" to PhyC

PhyC-5A

The 5300 bp upstream of the PhyC-54 ATG start
codon consist mainly of repetitive DNA (Fig-
ure 1B). The first 650 bp comprises remnants of
long terminal repeats (LTRs) of the retroelements
Ifis, Wilma and Sabrina inserted into each other
into a nested fashion. The sequence adjacent to
Sabrina has homology at the amino acid level to a
putative non-LTR retroelement reverse transcrip-
tase. An interesting feature of the region is the
presence of an 800 bp duplication (Figure 1B).
The duplicated copies are separated by a truncated
retroelement ‘Barbara’ (620 bp), 797 bp sequence
of unspecified nature and 2.6 units of an 85 bp
tandem repeat. The duplicated region ends 504 bp
upstream of the PhyC-54 start codon. A miniature
inverted-repeat transposable element (MITE)
belonging to the Tourist family is present in the
3’ duplication. In the varieties Chinese Spring and
Reward, MITEs that are 98% homologous have
been inserted in orthologous positions at both
duplicated loci.

We were unable to establish the transcription
start site of PhyC-54. 5 RACE PCR failed,
presumably due to the high GC-content in the 5’
UTR and no full-length wheat cDNAs for PhyC
are present in Genbank. In rice, the PhyC 5’-UTR
comprises 715 bp (Basu et al., 2000), some 580 bp
of which show homology to wheat. It is thus

possible that the PhyC-54 promoter in wheat
extends into the duplicated region. One hundred
and forty eight basepairs upstream of the ATG
start codon, and thus likely located within the
PhyC-54 5-UTR, a second start codon was
found. This upstream open reading frame (UORF)
encodes a 28 amino acid peptide.

PhyC-5B

The 1123 bp immediately upstream of PhyC-5B
are highly similar to the A genome sequence
(Figure 1B). Similarly to PhyC-5A4, PhyC-5B con-
tains an uORF of 28 amino acids. The region of
similarity is not continuous. Interruptions of
colinearity were caused by the insertion of retroel-
ement Barbara and other repeats in the A genome.
The most 5" 102 bp of the 1225 bp sequenced lacks
detectable similarity both with the 5SA and 5D
sequence. BLAST searches carried out at the
nucleotide as well as at the amino acid level also
failed to identify any similarity with Genbank
entries. The nature of this region remains
undefined.

PhyC-5D

A total of 2070 bp of sequence information was
obtained upstream of PhyC-5D in the variety
Chinese Spring. The uORF in PhyC-5D encoded
31 amino acids, and the stop codon was located 55
bp upstream of the PhyC-5D initiation codon.
Sequence similarity between A and D sequences
extended over the same region as the A—B simi-
larity and was interrupted by the A genome
repeats and by an inverted repeat inserted into
the 5D sequence. The repeat was not fully
sequenced but the available sequence showed high
similarity to a foldback element identified in
T. monococcum BAC 231A16. The termini of the
foldback element were 21 bp direct repeats (con-
sensus sequence GTCAAATTTGTCAAATTT-
GAC), which themselves formed a hairpin
structure. This foldback element was absent from
Soleil, but part of the direct repeat was still
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present. In T. monococcum, the foldback element
was flanked by a 9 bp host duplication. No
obvious host duplication was observed in the 5D
element. Nevertheless, the terminal sequence of the
element and the presence of a 9 bp target site
duplication in 7. monococcum suggest that the
repeat is most likely a non-autonomous Mu-like
element. The most 5 D genome region sequenced
showed similarity at the amino acid level to the
same non-LTR retrotransposon reverse transcrip-
tase as the sequence adjacent to retroelement
Sabrina in 5A. However, little similarity was
observed at the DNA sequence level between these
two regions.

Expression analysis

RT-PCR gave a single amplification product of
1180 bp. Because primer pair PCCF23/PCCRI18
amplifies fragments of identical length from all
three wheat genomes, RT-PCR products were
digested with Btsl, EcoRV and Nsil. Following
Btsl digestion, fragments of 1180 (uncut), 659 and
519 bp were obtained. EcoRV digestion generated
fragments of 1180 (uncut), 823 and 355 bp, and
Nsil digestion generated fragments of 657, 521,
462 and 195 bp. As the A genome sequence
contains a single EcoRV site and two Nsil sites,
the B genome sequence a single Nsil site, and the
D genome sequence single sites for all three
enzymes, we can conclude that the 462 and
195 bp Nsil products are amplified from cDNA
transcribed from the A genome, the 1180 bp uncut
fragment provides evidence for expression of
PhyC-5B, and the 659 and 519 bp Bitsl fragments
for expression of PhyC-5D (Figure 2).

Phylogenetic relationships

PhyC marginally failed the assumption of a
molecular clock either with (P = 0.03) or without
(P = 0.025) the outgroup Joinvillea excluded from
the analysis. However, PhyC was clocklike when
the data was analyzed using the Jukes-Cantor
model, which assumes equal probability of base
changes (Felsenstein, 2004), and is the model that
corresponds to the assumptions of the pairwise
substitution approach for analyzing divergence
times. Sut/ marginally failed the assumption of a
molecular clock with the outgroup sequence of the
rice Sut3 gene (P = 0.03), but was clocklike when

/ 220 bp

201 bp
1

Figure 2. Wheat PhyC RT-PCR products, digested with Bisl,
EcoRV and Nsil and separated on a 5% denaturing
polyacrylamide gel. The 659 and 519 bp Btsl fragments, the
uncut (1180 bp) EcoRV fragment, and the 462 and 195 bp
Nsil fragments demonstrate expression of PhyC-5D, PhyC-5B
and PhyC-5A, respectively.



this sequence was excluded. Acc-1 satisfied the
assumption of a molecular clock with or without
outgroups, whereas Pgk-/ was not clocklike in
either case (P < 0.001).

The topology of the PhyC coding region tree
had wheat genomes A and D assister taxa, followed
by wheat genome B, Hordeum, Oryza, and Sorghum
(Figure 3). Of these, only the Triticeae (Hordeum
and the three wheat genomes) were well supported
as a clade (100% bootstrap support). The Triticeae
plus Oryza had weak support (75%) as did the clade
of the A and D wheat genomes (69%). The clade of
the three wheat genomes was essentially not sup-
ported (56%).

The topology of the Acc-1 coding region tree
showed the three wheat genomes as being equally
related to each other, followed by Secale and the S
genome from Aegilops sharonensis, then Hordeum
(Figure 3). Oryzaand Zea form a clade of their own,
although this is not supported. There is weak
bootstrap support for the Triticeae (Hordeum,
Secale and wheat; 75%) and for Secale and wheat
(65%).

The topology of the Pgk-1 coding region has
the A genome sister to a clade of the B and D
genomes (Figure 3). Like the Acc-1 tree, the Pgk-1
tree has Zea and Oryza forming a clade, rather
than the Triticeae and Oryza, as in PhyC. The only
bootstrap support for the topology formed from
the Pgk-1 coding region is for the grasses as a
whole (60%), and for Zea and Oryza (99%),
indicating that the sequences used were poor in
phylogenetic information. No further analyses
were conducted on this gene.

The topology of the Sutl coding region tree
placed the wheat A and B genomes as sister taxa
(83%), followed by the wheat D genome (90%),
and Hordeum (95%) (Figure 3). This clade was
sister to a clade comprising Zea and Oryza. These
two taxa were supported as a clade (89%).

Divergence times

The preferred model of sequence evolution for
PhyC  (general time  reversible + gamma
[Felsenstein, 2004]), resulted in the PhyC data set
being marginally non-clocklike. However, a sim-
pler model of sequence evolution, with DNA base
substitution rates being held equal (Jukes-Cantor)
found the PhyC data set to be clocklike. As these
are the same assumptions as in the pairwise
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substitution rate method used by previous authors
(Huang et al., 2002a; Huang et al., 2002b), we felt
justified in exploring the pairwise substitution rate
method to analyze divergence times for PhyC. To
establish a molecular clock, we compared the
PhyC coding sequences of wheat (Triticum; this
study) and barley (Hordeum; acc. AF406643) with
sorghum (acc. U56731). Based on the number of
synonymous substitutions between the Triticeae
(averaged over A, B, D and H) and sorghum PhyC
sequences and using 60 My as the divergence time
for the Pooideae (includes wheat, barley and rye)
and Panicoideae (includes maize and sorghum)
lineages (50-70 Mya; Wolfe et al., 1989), the
average substitution rate per synonymous site per
year was estimated to be 4.4 x 107, Assuming that
the PhyC genes have evolved at the same rate in the
different lineages, we can use the value of 4.4 x 107™°
to calculate the divergence of the diploid ancestors
of the A, B and D genomes of hexaploid bread
wheat. These data suggest that the three wheat
genomes diverged some 6.4 £ 0.9 Mya. The
Triticum—Hordeum divergence was estimated to
have occurred 14.8 + 1.9 Mya (Table 2).

The same pairwise methodology was used to
analyze divergence times with Acc-1. The clock
was calibrated on the average number of synon-
ymous substitutions between the Triticeae wheat
(acc. AF343519, AF343510 and AF343496) and
barley (acc. AF343509), and the Panicoid maize
Acc-1 (Zea; AF342954) coding regions and an
absolute age of 60 My for their divergence,
leading to a k-value of 3.5 x 107°. Based on this
k value, the divergence of the A, B and D
genomes was estimated to have taken place
1.8 £ 1.3 Mya and the Triticum—Hordeum diver-
gence 10.4 + 3.1 Mya (Table 2).

The Sutl gene was clocklike in analyses that
excluded the outgroup sequence Oryza sativa Sut3.
For Sutl, the clock was also calibrated on the

Table 2. Divergence times with standard errors as calculated
by the pairwise comparison method given a divergence age of
60 Mya for the divergence of the Pooid and Panicoid grasses
(i.e. between the Triticeae genomes and Zea or Sorghum).

Divergence PhyC Acc-1 Sutl

Wheat A~-Wheat D 59 £ 09 1.7+ 13 80 =% 1.5
Wheat A~-Wheat B 7.3 £ 1.0 09 £ 09 56 £ 1.3
Wheat B-Wheat D 6.0 £ 09 27 £ 1.6 64 £ 14

Wheat—Hordeum 148 £ 19 104 + 3.1 159 £ 22
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Figure 3. ML topologies for PhyC, Acc-1, Pgk-1 and Sutl coding regions. Bootstrap support values are shown for those branches
with over 70% support.
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Table 3. Divergence times [and means (in bold) and 95% confidence intervals of bootstrapped age distributions] of various grass
lineages for PhyC, Acc-1 and Sutl, as calculated by the semi-parametric PL method in r8s, given a divergence age of 60 Mya for

the divergence of the Pooid and Panicoid grasses.

Divergence PhyC

Acc-1 Sutl

Wheat A—Wheat D
Wheat A-Wheat B
Wheat B-Wheat D
Wheat-Hordeum

5.75 [3.49-5.42-8.49]
8.19 [5.11-7.35-10.83]
8.19 [5.11-7.35-10.83]
12.34 [8.44-11.65-15.25]

2.15 [0.54-1.48-4.75]
2.15 [0.54-1.48-4.75]
2.15 [0.54-1.48-4.75]
13.86 [6.45-14.37-25.81]

6.52 [4.13-7.24-12.63]
4.15 [2.44-4.65-8.71]
6.52 [4.13-7.24-12.63]
18.93 [13.29-20.03-30.04]

average number of synonymous substitutions
between the Triticcae genomes A  (acc.
AF408842), B (acc. AF408843), D (acc. AF408844),
H (acc. AJ272309) and the Panicoid maize genome
(acc. AB008464). A k-value of 4.8 x 10~ provided
an estimated average divergence time for the wheat
progenitor genomes of 6.7 = 1.4 Mya and for
Triticum—Hordeum of 15.9 £ 2.2 Mya (Table 2).

In a second method, we used ML analyses of
coding regions of the genes via the r8s program to
estimate the ages of divergences in the grass
phylogeny, again using an absolute age of 60 My
for the divergence of the Panicoid grasses from the
Pooid grasses (Table 3). The age of the Hordeum—
Triticum/Secale divergence varies from 12.3 Mya
for PhyC to 18.9 Mya for Sutl, and the age of the
divergence of the three wheat genomes ranges
from 2.2 Mya for Acc-1 to 8.2 Mya for PhyC.
Confidence intervals for the ages were calculated
from 1000 bootstrapped data sets constrained to
find the same phylogeny as the real data set. These
overlapped in every comparison except between
the A and B wheat genomes for PhyC and Acc-1.
The shape of the bootstrapped distributions were
skewed, resulting in the mean of the bootstrapped
distribution for any particular node not being
coincident with the actual divergence age for that
node (Table 3).

The differences in divergence ages given by the
various genes at particular nodes were tested for
significance by comparing them against a null
distribution of age differences. This was calculated
by resampling pairs of random ages from the
combined bootstrapped age distributions for that
pair of genes, and taking the differences between
the values for each pair. A difference in divergence
ages was recognized as significant if the size of the
difference lay outside the central 95% of the null
distribution. Using this criterion we found that
there were no pairs of divergence ages that were
significantly different (Table 4).

Discussion
Evolution of the PhyC genes

The low K,/K values for PhyC-5A4, 5B and 5D
indicate that the genes are under strong purify-
ing selection. This is true for both the
N-terminal photosensory domain and for the
C-terminal signal transduction domain and sug-
gests that missense mutations in either domain
may greatly affect protein function. RT-PCR has
demonstrated that all three genes are expressed.
The average number of nucleotide substitutions

Table 4. Difference and significance of divergence dates given
by different genes. All differences were non-significant at
P<0.05.

Divergence Age difference 95% confidence

(My) interval for age
differences

Acc-1-PhyC, Wheat —6.04 -7.22—-+17.25

A—Wheat B

Acc-1-PhyC, Wheat -3.60 —5.04-+5.09

A—Wheat D

Acc-1-PhyC, Wheat —6.04 -7.22-+17.25

B-Wheat D

Sut1-PhyC, Wheat —4.04 -5.74-+5.62

A—Wheat B

SutI-PhyC, Wheat 0.77 —5.69-+5.83

A—Wheat D

Sutl-PhyC, Wheat -1.67 —5.38—-+5.28

B-Wheat D

Acc-1-Sutl, Wheat -2.0 -5.18-+5.10

A—Wheat B

Acc-1-Sutl, Wheat -4.37 —8.12—+8.05

A-Wheat D

Acc-1-Sutl, Wheat -4.37 -8.12-+8.05

B-Wheat D

Acc-1-PhyC, Wheat 1.52 -11.03-+11.12

A—Hordeum

Acc-1-Sutl, Wheat -5.07 —14.07-+14.83

A—Hordeum

Sutl-PhyC, Wheat 6.59 -15.0-+14.82

A—Hordeum
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between the PhyC-54 coding regions of the five
varieties analyzed is 4.0 £ 1.2, with the largest
number of differences being observed between
Soleil and T. spelta (four synonymous and three
non-synonymous substitutions) and the highest
similarity being present between Reward and
Chinese Spring (1 synonymous substitution, no
amino acid differences). All differences are pres-
ent in exon 1. Each of the five varieties had a
unique haplotype, which is not surprising since
the varieties were selected to be unrelated by
pedigree.

Tetraploid and hexaploid wheat were formed
approximately 0.5 Mya and 8000 years ago,
respectively (Huang et al., 2002b). In current-day
tetraploid and hexaploid wheats, the action of the
pairing control gene Phl restricts pairing to
homologs (Wall et al., 1971). Our data show that
at least some form of pairing control must have
been present also in the early polyploids. Indeed, if
intergenomic recombination had taken place in the
early stages of the polyploidization process, the
sequence differences between the wheat genomes
would have reflected the onset of restricted pairing
between the homoeologous genomes, which would
have been at most 0.5 Mya. The divergence date
for the A, B and D genomes of some 6.9 Mya
(6.4 Mya using pairwise comparisons, 7.4 Mya
using the semi-parametric PL method in r8s)
clearly demonstrates that no recombination or
gene conversion has taken place between the PhyC
homoeologs since the formation of hexaploid
bread wheat 8000 years ago (Huang et al.,
2002b) or its tetraploid progenitor 0.5 Mya
(Huang et al., 2002b).

The estimated time of divergence of the A, B
and D ancestors based on the PhyC sequences is
considerably earlier than the 2.5-4.5 Mya estab-
lished based on the extent of intergenomic differ-
ences observed in the Acc-1 and Pgk-1 genes by
Huang et al. (2002b). To ensure that the diver-
gence times were calculated in the same way, the
Acc-1 and Pgk-1 data used by Huang and col-
leagues were reanalyzed, but only coding regions
were used as the introns could not be aligned
unambiguously between the different grass ortho-
logs. Following the phylogenetic analysis, Pgk-1
was dropped from the study because of the lack of
support for any of the clades produced in the
phylogenetic analysis as well as its highly signifi-
cant deviation from clocklike evolution. The

values obtained for Acc-1 in our analyses (Tables 2
and 3) differ from those by Huang et al. (2002b)
because we only used synonymous changes in
coding regions. This was because the non-coding
regions could not be aligned across the grass taxa
used. Nevertheless, the Acc-1 genes indicate sub-
stantially later divergence (approximately 2 Mya)
of the diploid wheat progenitors than the PhyC
sequence (around 6.9 Mya). Sutl genes, on the
other hand, suggest divergence ages for the wheat
ancestral genomes that are close to those obtained
based on PhyC (around 6.2 Mya).

The results using the pairwise substitution
method and r8s analyses show very similar diver-
gence ages. However, the confidence intervals
calculated by bootstrapping the data are wide
and overlapping, except for the age of the diver-
gence of the wheat A and B genomes estimated
with PhyC and Acc-1. Testing the difference in
ages against a null distribution of age differences
derived from resampling the bootstrapped distri-
butions revealed that there were no significant age
differences. This implies that the differences in ages
observed are due to sampling error, as well as
reflecting the low information content available in
the genes sampled. This is also evident from the
low bootstrap support of many of the nodes that
we attempted to date. Certainly there is more
information in the coding regions of PhyC and
Sutl than in Acc-1, and it may be that the dates
derived from these two genes may be more robust
than those derived from Acc-1.

One of the main problems in accurately dating
clade divergences in the grasses is that sequence
information is limited to just a few exemplar taxa.
The lack of adequate sampling of other taxa (e.g.
only one Panicoid and one Erhartoid grass were
used) resulted in the topologies that were produced
deviating from that in the most recent large scale
molecular systematic studies (Barker et al., 2001).
In the Grass Phylogeny Working Group (GPWG)
study, using seven molecular and one morpholog-
ical data set, a clade of the Erhartoid and Panicoid
grasses (as exemplified by Oryza and either Zea or
Sorghum) is never found, yet we found it in all
trees except that of PhyC. The relationship
between Hordeum, Secale, and the wheat genomes
conform to the GPWG tree. The relationships
between the three wheat genomes are variable as
has also been observed in previous work (Kellogg
et al., 1996; Mason-Gamer et al., 1998). This may



reflect the lack of sampling, especially outside the
wheat genomes.

Another possibility which may explain some of
the discrepancy in results between the ages esti-
mated from the different genes and the variable
topologies for the wheat genomes is the previous
reports in the Triticeae of different portions of the
genome having different evolutionary histories.
Phylogenetic trees based on different genes,
although generally consistent in overall topogra-
phy, display significantly different relationships for
Triticeae species (Kellogg et al., 1996; Mason-
Gamer et al., 1998). The Acc-1 genes are located
on the wheat group 2 chromosomes, Sutl on the
group 1 chromosomes and PhyC on the group 5
chromosomes. The discrepancy between our data
and those obtained by Huang et al. (2002b) may
be yet another example of the mosaic nature of
some Triticeae genomes.

Comparative analysis of the homoeologous
5A, 5B and 5D regions upstream of PhyC

Sequence conservation between the A, B and D
genomes upstream of the PhyC initiation codon
is limited to a region of some 1100 bp (Fig-
ure 1B). Colinearity over this region is not
continuous, but is interrupted by insertion and
duplication events in the SA and 5D homoeo-
logs. The repeats are not conserved between the
genomes, suggesting that they inserted after the
divergence of the diploid ancestors of hexaploid
wheat. A possible exception may be the regions
identified in the 5A and 5D sequences that
showed similarity to the same putative non-LTR
retrotransposon reverse transcriptase identified in
Arabidopsis. If these sequences indeed have the
same ancestral origin, they have degenerated to
the point where similarity between the A and D
sequences is no longer detectable at the nucleo-
tide level. The four LTR retroelements identified
in the A genome have also been severely
truncated. These elements could not be dated
using the methodology described by SanMiguel
et al. (1998), but comparative data shows that at
least one element, Barbara, inserted after the
divergence of the diploid wheat ancestral
genomes, implying that the element is relatively
young (<6 My). The relatively fast degradation
of this retroelement conforms to previous obser-
vations that the repeat fraction of a genome is
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very fluid. Studies in Arabidopsis and rice have
demonstrated that LTR-retroelements have a
half-life of less than 5 million years. Mechanisms
responsible for their removal are mainly unequal
homologous recombination and illegitimate
recombination (Devos et al., 2002; Ma et al.,
2004). Although this is the first comparative
analysis at the sequence level between the A, B
and D genomes of bread wheat, the differential
insertion of repeats in the three genomes is
expected to be a common feature. Analyses of
the regions around the low molecular weight
glutenin loci in the closely related A™ genome of
T. monococcum and the A genome of tetraploid
wheat (Wicker et al., 2003) and of the high
molecular weight glutenin region in the D
genome of 7. tauschii and the B genome of
tetraploid wheat (Kong et al., 2004) have also
uncovered genome-specific insertion of repeats.
The presence of genome-specific repeats is also
consistent with the fact that levels of interge-
nomic restriction fragment length polymorphism
(RFLP) are close to 100% and detectable with
multiple enzyme combination (K.M. Devos,
unpublished observations). Most likely, the dif-
ferential presence of repeats in the three wheat
genomes lies at the basis of the RFLP variation.

We have no data to establish whether the
retroelements are differentially present in the A
genome of our sample of five varieties. We do
know, however, that the inverted repeat that is
inserted in CS 5D is largely absent in Soleil. The
presence of part of the direct repeat termini of
the foldback element in Soleil indicates that the
element may have been present in the D genome
progenitor that gave rise to hexaploid wheat but
was subsequently deleted in the line that led to
Soleil. Intervarietal differences in the organization
of repeats have been observed in maize (Fu and
Dooner, 2002). In contrast to wheat, maize has
high levels of intervarietal RFLP variation. Inter-
varietal differences in the organization of repeats,
although clearly present in wheat genomes, are
expected to occur at much lower frequency than in
maize.

The upstream regions were also searched for
the presence of conserved non-coding sequences
(CNSs) which, potentially, may represent regula-
tory elements. In closely related genomes such as
wheat, there is some 30% chance that a stretch of
20 bp has remained conserved in sequence without
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selective pressure even after 7 My of divergence
(calculated according to Kaplinsky et al., 2002).
Therefore, we looked for CNSs that were con-
served in both wheat and rice in the region
upstream of PhyC. Using the criterion of >70%
identity in a 20 bp window established by Guo and
Moose (2003) for finding significant conserved
non-coding sequences (CNSs) in cereal genomes,
six CNSs were identified that were conserved
across the wheat and rice upstream regions (see
Supplementary Material). All motifs identified
were located 3’ of the presumed TATA box in
rice and are thus likely present in the 5-UTR. The
CNS located most closely to the translation start
site corresponded to the uORF. A search of
plantCARE (http://intra.psb.ugent.be:8080/Plant-
CARE)), a database for cis-acting plant regulatory
elements, revealed that three out of the six CNSs
contained putative regulatory elements. Two
CNSs contained a GAG motif and the most
conserved CNS, which was 82% identical over
33 bp, contained both an I-box and an ATCT
motif (see Supplementary Material). All three
motifs have been implicated in light-response. This
suggests that PhiyC mRNA abundance might be
light-regulated by a post-transcriptional process.
The presence of an uORF in the 5-UTR may be a
further indication that the PhyC genes in wheat
are under translational control. Eukaryotic ribo-
somes can reinitiate translation at downstream
ATG codons, although this ability is affected by
the length of the uORF with a cut-off length of
around 30 amino acids and diminishes with
decreasing intercistronic distances (Kozak, 1987;
Luukkonen ef al., 1995). In rice, the peptide
encoded by the uORF comprises only four amino
acids. In wheat, however, the peptides are 28-31
amino acids long and the uORF stop codons are in
close proximity (55-61 bp) to the ATG initiation
codon. It has been shown that the presence of a 38
codon long uORF that ended 62 basepairs up-
stream of the Lc initiation codon in maize reduced
Lc expression 25- to 30-fold (Damiani, Jr. and
Wessler, 1993). Furthermore, the repressing effect
depended greatly on the nucleotide sequence of the
uORF. It is thus conceivable that a non-synony-
mous nucleotide substitution (arginine/proline
replacement) present in the penultimate codon
of the uORF in the variety Reward represents
an intervarietal difference in the regulation of
PhyC-54.

The duplication upstream of PhyC-5A

To evaluate whether the 800 bp duplication
observed some 500 bp upstream of the PhyC-5A4
initiation codon (Figure 1B) arose before or
after the divergence of the diploid ancestral
wheat genomes, an attempt was made to date
the duplication. Based on the number of nucle-
otide substitutions between the duplicated
regions and a molecular clock of 4.4 x 107°
substitutions per synonymous site per year cal-
culated for the PhyC gene, the duplication was
estimated to have taken place 7.3 £ 1.1 Mya.
This value falls within the 95% confidence
interval for the divergence age of the diploid
ancestral wheat genomes calculated on the basis
of the number of synonymous substitutions
differentiating PhyC-54, PhyC-5B and PhyC-
5D. No conclusions can therefore be drawn as
to whether the duplication is ancestral to or
occurred shortly after the divergence of the A, B
and D genomes. It should be noted that the
distribution of nucleotide substitutions between
the two copies is not uniform across the region.
A higher number of substitutions was observed
in the most 5 200 bp and particularly between
basepairs 100 and 200. This could indicate that
part of the duplication has undergone conver-
sion. The overall outcome of a conversion event
would be an underestimation of the age of the
duplication. On the other hand, one or both
copies of the duplication may be under reduced
selective constraint and therefore evolve faster in
which case the 7.3 My would be an overestima-
tion.

The sequence data provide some indication that
the duplication is specific to the A genome. Only
one copy of this region is present in the B and D
genome sequence. Of course, it is possible that the
upstream copy is not covered by our sequence
data. However, if the putative non-LTR retro-
transposon reverse transcriptases observed in the
A and D genomes have the same ancestral origin,
then this sequence should delineate the duplicated
region at the 5" end. Consequently, the presence of
only one copy of the duplication 3" of the reverse
transcriptase sequence in the D genome sequence
suggests that the duplication occurred after the
divergence of the ancestral A and D genomes.
Most likely, the duplication arose in tandem and
the two copies were subsequently separated by the



insertion of transposons, including the LTR ret-
roelement Barbara. In T. spelta acc. ‘Grey’, only the 5’
copy of the duplication is present. Presumably, dele-
tion of the 3’ copy and any intervening DNA occurred
through unequal homologous recombination.

The presence of a MITE in the 3’ copy of the
duplication in Soleil but not in the 5" copy initially
suggested that the MITE insertion had occurred
after the duplication. However, PCR amplification
from the variety Chinese Spring using primer pairs
specific to each of the duplicated copies and
sequencing of the amplification products demon-
strated the presence of the same MITE in identical
positions in both paralogs. Surprisingly, the 5" and
3’ paralogous MITEs were 98% identical. This was
observed not only in Chinese Spring, but also in
Reward, a second variety in which we sequenced
across the paralogous MITEs. The high sequence
similarity of the MITEs may be explained by
homogenization of the two copies through a
conversion event. This is a possible scenario as
the nucleotide substitution rate is not uniform
across the duplication, but higher 5" of the MITE
insertion site. In the variety Soleil, only the 3’ copy
of the MITE is present. If the MITE indeed
inserted before the duplication event, the rationale
is that the MITE located in the 5 copy of the
duplication must have excised. MITE excision has
been demonstrated in rice, but was shown to be
mostly imprecise and leave different types of excision
footprints (Nakazaki et al., 2003; Kikuchi ez al.,
2003). No excision footprint was observed in Soleil.

An equally if not more likely scenario is that
the MITEs are of recent origin and have inserted
independently in the same location in both copies
of the duplication. MITEs are preferentially asso-
ciated with genes and have a target site preference
(Wessler et al., 1995). Independent insertions at
the same locus have previously been observed for
other transposable elements, including Mu and
PIF clements (Hardeman and Chandler, 1993;
Walker et al., 1997; Zhang et al., 2001). PIF, a
DNA element family related to Tourist MITEs has
been shown to be inserted repeatedly at the same
location in the R locus in maize (Walker et al.,
1997; Zhang et al., 2001).

Our data may represent the first example of an
active MITE family in wheat. A search of
Genbank revealed that this MITE was found in
T. aestivum, T. tauschii and H. vulgare. This
suggests that this MITE family dates back to at
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least before the divergence of the Triticum and
Hordeum lineages some 10-19 Mya. To our
knowledge, this is the first report of the presence
of the same MITE in more distantly related species.

Conclusions

Comparisons of PhyC genes and their upstream
region in the A, B and D homoeologs of wheat
have shown that, while the genes are conserved,
the non-genic regions have diverged by the inser-
tion of retroelements and other repeats. K,/K;
values were low, suggesting that all three PhyC
homoeologs were functional. RT-PCR confirmed
that PhyC-54, PhyC-5B and PhyC-5D were
expressed. Our study highlights the need for a
larger sample of genes for dating the evolutionary
divergence of the wheat genomes. The interge-
nomic K values of the PhyC and Sutl genes were
considerably higher than those calculated for the
Acc-1 genes. This suggests that the previously
published value for the divergence of the ancestral
wheat genomes of 2.5-4.5 Mya may be an under-
estimation and that the true value may lie closer to
7 Mya. These results were confirmed using r8s,
although resampling tests and examination of
bootstrapped derived confidence intervals revealed
that there was relatively little power in the
sequence information available to distinguish
between the divergence dates given by different
genes. More genes from more species need to be
analyzed to evaluate whether these differences in
evolutionary rate are due to sampling error or are
related to chromosomal positions. The latter
possibility echoes previous suggestions that some
parts of the genome may have originated through
introgression.
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